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ABSTRACT 
Automatic milking systems (AMS) are becoming increasingly popular due to the 
growing cost of labour and reduced labour availability. The voluntary cow traffic and 
resultant distribution of milkings throughout the day and night affects most aspects of 
herd and farm management in AMS. The literature review (Chapter 1) highlighted a 
need to evaluate the effects of milk yield and milking frequency during early lactation 
on reproductive performance. The analysis of a 5-year historic database from Australia’s 
first AMS research farm (Chapter 2) found no significant association of average milk 
yield and milking frequency during 100 days in milk with any of the reproductive 
measures. However, the interval from calving to first oestrus increased gradually within 
the study period and consequently influenced other reproductive outcomes. As a result, a 
series of studies were conducted with a multidisciplinary approach (both physiological 
and technological) to investigate the potential to improve oestrus detection on pasture-
based AMS farms. A field study (Chapter 3) was conducted to allow for the 
development and application of an algorithm to assess the application accuracy of an 
infrared thermography (IRT) device when used to detect oestrus events or pending 
oestrus events by detecting the time of ovulation. Vulval and muzzle temperatures were 
measured by IRT in twenty synchronized cows (using a controlled internal drug release 
and prostaglandin F2α). Whilst the IRT showed some potential as an oestrus detection 
aid with higher sensitivity than visual observation (67%) and Estrotect activation (67%), 
the specificity and positive predictive value were lower with the IRT. The vulva and 
muzzle were the focus areas for the IRT application and some concern was generated 
with regard to the potential for the IRT data to impacted by faecal contamination, 
obscuring of the vulva by the tail and time since last drinking (affecting muzzle surface 
temperature). To address these concerns a further study (Chapter 5) was conducted to 
test the hypothesis that the specificity of IRT in detecting oestrus (or imminent oestrus) 
could be improved if other body parts were focused on. In that study (Chapter 5), an 
additional technology was incorporated to test the hypothesis that the combined activity 
and rumination data generated by an accelerometer (SCR heat and rumination long 
distance tags) would provide a more accurate indication of oestrus and/or ovulation than 
the activity and rumination data alone. Unfortunately the monitoring of eyes and/or ears 
did not provide the improvement in accuracy of IRT (as an oestrus detection aid) 
indicating that as an oestrus detection aid there was likely to be limited value in 
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developing this as an automated stand-alone device. Alerts generated by accelerometer 
based on a lower activity threshold level had high sensitivity and may be able to detect a 
high proportion of cows in ovulatory periods in pasture-based system; however, the 
specificities and positive predictive value were lower than the visual assessment of 
mounting indicators and would still require the herd’s person to filter data to identify the 
false alerts to ensure that cows are not inseminated unnecessarily. Whilst the use of in-
line milk monitoring has already been commercialized for the assessment of milk 
progesterone, there is potential for other biomarkers to provide further opportunities for 
the assessment of milk components. Biomarkers of oxidative stress were evaluated in 
plasma showing that plasma glutathione was lower in ovulated cows compared to those 
of an-ovulated cows (Chapter 4). Whilst baseline plasma data for oxidative stress 
biomarkers was a useful starting point, the real value of these biomarkers would be 
realised if their concentration in milk could be linked with oestrus (and or ovulation). 
Milk superoxide dismutase activity was shown to be higher in ovulated cows while 
lipoperoxides, glutathione peroxidase were lower in ovulated cows compared to those in 
an-ovulated cows (Chapter 6). Further work would be required to determine the 
accuracy with which these biomarkers could be used to identify oestrus cows but these 
results are promising and suggest that there may be some potential to develop in-line 
milk sampling technology to alert the herdsperson to cows that should be inseminated.   
In summary, this thesis provides very useful, scientifically based information on 
potential use of technologies for oestrus and ovulation detection in dairy cows, which 
should serve as a foundation to develop and upgrade automated on-farm technologies 
and biosensors for better reproductive management of cows in pasture-based AMS. 
However, it is noted that the most likely success with automated oestrus detection is to 
require a combination of different indicators that should be incorporated to truly 
increase the accuracy of detection beyond that which can be achieved by skilled and 
devoted herd’s people. 
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PREFACE 
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GENERAL INTRODUCTION 
Dairy herd profitability is highly dependent on reproductive performance, since it 
directly affects both milk production and the number of pregnant animals available to 
maintain herd size (Neves 2011). Reproductive performance in dairy cows continues to 
decline in Australia. The InCalf 2010 analysis commissioned by Dairy Australia 
identified declines in the 6-week in-calf, three-week submission rate and first-service 
conception rates whilst the 12-week not-in-calf and 21-week not-in-calf and overall not-
in-calf rates continue to increase when compared to the analysis conducted in 2000 
(Morton 2011). All major dairying countries have experienced similar declines and it 
has occurred across the full range of production systems (from pasture-based to total 
mixed ration systems). However, the reasons are not simple: fertility is recognised as a 
multi-factorial trait with genetic, nutritional, environmental, and managerial components 
interacting in a complex network (Walsh et al. 2011). 
The modern high yielding dairy cow tends to have a lower intensity and shorter duration 
of oestrus (Kamphuis et al. 2012). It is thought that lower blood oestradiol 
concentrations decrease the intensity of behavioural signs of oestrus (Sangsritavong et 
al. 2002; Wiltbank et al. 2006; Aungier et al. 2012) which exacerbates the problems 
associated with oestrus detection. In addition, as the Australian industry continues to 
consolidate at the farm level, the typical Australian dairy farm now milks more cows, 
has higher production per cow, employs more labour (but has more cows per labour 
unit) and operates at a higher stocking rate. Spending less time to monitor cows in 
oestrus and increased reliance on hired unskilled labour have likely further exacerbated 
the impacts of the fertility decline of the cow.  
Due to the growing costs of labour which is the second largest operating cost on 
Australian dairy farms (second only to feed), automatic milking systems (AMS) are 
becoming increasingly popular (Rossing and Hogewerf 1997). The systems were 
introduced in the early 1990’s and since then have been adopted by over 10,000 farmers 
worldwide (de Koning 2011). Questions have been raised as to whether reproductive 
performance of cows managed in AMS differ from those managed in conventional 
system. Weiss et al. (2004) reported a neutral effect of milking system (automatic vs 
conventional) on the interval from calving to conception and resumption of ovarian 
cyclicity for cows kept in a naturally ventilated, loose housing barn. Dearing et al. 
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(2004) monitored six farms in The Netherlands, from up to 6 months before automatic 
milking system installation through to 12 months post-installation, and showed an 
increase in interval from calving to conception as well as reduced conception rate. On 
the other hand, Löf et al. (2007) reported shorter calving intervals and shorter calving to 
first insemination and conception intervals in AMS herds in Sweden compared with 
herds managed with conventional milking system (CMS). Of course, it is well known 
that many factors affect reproductive performance and it is likely that the conflicting 
results are due to a lack of ability to capture and account for all of those factors. 
However, no published studies have reported the reproductive performance of dairy 
cows in pasture-based, AMS herds. 
The main characteristic of AMS is that milking-related tasks are automated. Therefore, 
no opportunity exists for visual observation to detect oestrus behaviour at each milking 
as is possible in conventional milking systems. Achieving efficient oestrus detection by 
visual observation depends on the timing, duration and frequency of observation 
(Roelofs et al. 2010). In addition, discrete behavioural signs of oestrus, absence of 
standing mounts for up to 60% of ovulations and the shorter duration of oestrus in 
modern, high-yielding dairy cows make visual detection of oestrus more difficult 
(Holman et al. 2011; Saint-Dizier and Chastant-Maillard 2011; Kamphuis et al. 2012). 
This combined with the increase of herd size and the need to improve labour efficiency 
has increased the reliance on automated technologies to reduce dependence on humans 
and increase oestrus detection rates. 
Numerous studies have evaluated the use of indicators in milk, automated technologies 
and on-farm biosensors to support feeding management, oestrus detection, and detection 
of udder infections and abnormal milk (Mottram et al. 2007; Hettinga et al. 2008). 
Besides these, the use of biosensors and automated technologies may become a reliable 
and quick tool to measure physiological traits (e.g., oxidants and antioxidants). Oxidants 
and antioxidants are involved in the regulation of several reproductive functions such as 
maintenance of the follicular fluid environment, folliculogenesis, steroidogenesis, 
corpus luteum function, and luteolysis. These biomarkers are also reported to have a role 
in the pathogenesis of follicular cysts and repeat breeder syndrome in dairy cows (Rizzo 
et al. 2007; Rizzo et al. 2009; Talukder et al. 2014) and an association with embryonic 
loss in dairy cows (Celi et al. 2011; Celi et al. 2012). Therefore, there is a need to 
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establish whether oxidants and antioxidants could provide a reasonable index of the 
reproductive status of dairy cows. 
The aim of this thesis was to investigate the factors associated with reproductive 
performance of dairy cows in pasture-based AMS and evaluate technologies for 
improving the key identified factors associated with reproduction. The general 
hypothesis was that factors specific to AMS could be associated with reproductive 
performance and using new technologies could be able to contribute to improved oestrus 
detection. Whilst AMS in pasture-based systems is still quite infantile it is important to 
ensure that strong understanding of the challenges (in this case pertaining to 
reproductive performance) is captured and addressed. This is to ensure that farmers 
contemplating or committing to the adoption of AMS have adequate knowledge and 
support regarding the management of the system thereby providing the greatest potential 
for success which is important if the Australian dairy industry is to remain sustainable 
into the future.  
THESIS OUTLINE 
This thesis takes the novel and multidisciplinary approach whereby the biology, 
physiology and technology are brought together in various studies ensuring that a 
comprehensive understanding of the true value of the technological application is 
developed. It is not simply an investigation of the application potential of various 
technologies but a methodical development of linking the physiological process of 
oestrus with potential indicators which might be automated for application in the future. 
The thesis comprised of review of literature (Chapter 1), 5 studies arising from a historic 
data analysis, animal studies and laboratory analyses (Chapter 2 to 6), a case report on 
oxidative stress biomarkers in a dairy cow diagnosed with an ovarian follicular cyst 
(Chapter 7); whilst an additional case report on rumination patterns, locomotion activity 
and milk yield for a dairy cow diagnosed with a left displaced abomasum (Chapter 8) 
and a general discussion and conclusion (Chapter 9). Each chapter is a stand-alone 
manuscript, each with its own abstract, introduction, materials and methods, results, 
discussion, and conclusion.  
Chapter 1 is a recent comprehensive review on associated reproductive challenges in 
AMS, measures for describing herd reproductive performance, the physiology and 
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pathology of the reproductive system, and technological advances for improving 
reproductive performance particularly oestrus detection in pasture-based systems. As 
this review is a stand-alone manuscript with sections intended for publication, it 
incorporates some key findings from the subsequent chapters of this thesis. 
Chapter 2 is a retrospective analysis of the associations of milk yield and milking 
frequency during early lactation with reproductive performance parameters based on 
five years’ data. A gradual increase in interval from calving to first oestrus was 
identified as the factor that could have the greatest impact on ongoing reproductive 
performance, resulting in the culmination of field studies designed to evaluate the 
potentials of new technologies for oestrus detection. 
Chapter 3 is an experimental study that investigated the ability of an infrared 
thermography (IRT) device to predict cows in oestrus and about to ovulate. It was 
observed that the sensitivity of the IRT alert was greater than visual observation and 
Estrotect, however, the specificity and positive predictive value were lower than these 
two aids. This study formed the basis of designing a further study for improving the 
specificity and capturing data throughout the entire 21-day reproductive cycles which is 
reported in Chapter 5. 
Chapter 4 focuses on investigations of plasma progesterone concentrations and 
oxidative stress in cows with ovulatory and an-ovulatory responses after oestrus 
synchronisation with controlled internal drug release and prostaglandinF2α in Chapter 3. 
Plasma oxidative stress (OS) biomarkers were changed significantly between ovulated 
and an-ovulated cows and it was hypothesized that OS biomarkers measured in milk 
would be able to provide a reliable indication of an ovulation event; this hypothesis was 
tested in Chapter 6. In Chapter 3, a cow was diagnosed with cystic ovarian disease after 
oestrus synchrony. Her ovarian follicle diameter, hormonal profiles and OS biomarkers 
during the entire study period were compared to those of ovulated cows in Chapter 7. 
Chapter 5 tested the hypothesis that the specificity of IRT in detecting an ovulation 
event could be improved if body parts that were less likely to be contaminated by faecal 
matter or affected by moisture were monitored. In addition, another oestrus detection 
aid, accelerometer (monitors activity and rumination level) were also evaluated. It was 
observed that vulval temperature resulted in the greatest (80%) specificity but the 
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poorest (21%) sensitivity compared to the IRT temperatures of other body areas. A cow 
was diagnosed with a left displaced abomasum. Her activity, rumination pattern and 
milk yield were compared to those in her cohort, in a case study reported as Chapter 8.  
The thesis concludes with a general discussion and conclusion that focuses on several 
interpretations and implications from this thesis. Key findings include firstly, 
irrespective of the different body areas explored for IRT image capture, the accuracy of 
IRT for oestrus detection was relatively poor. Secondly, alerts generated by 
accelerometer based on a lower activity threshold level had high sensitivity and may be 
able to detect a high proportion of cows in ovulatory periods in pasture-based system, 
however, low activity threshold level also resulted to increased false positive cases 
resulting low specificity and positive predictive value of accelerometer. Further field 
studies are warranted to reduce the number of false positives. Thirdly, OS status may 
have important physiological role in facilitating the ovulation process in dairy cows. 
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INTRODUCTION 
Reproduction is one of the key factors influencing the profitability of a dairy farm. It is 
an essential management practice for a dairy herd in order to initiate lactation in cows, 
produce replacement stock, and control the production system. Reproductive 
performance in dairy cows continues to decline in Australia. The InCalf 2010 analysis 
commissioned by Dairy Australia (2011) identified declines in the 6-week in-calf rate, 
three-week submission rate and first-service conception rate whilst the 12-week not-in-
calf rate the 21-week not-in-calf rate and the overall not-in-calf rate continue to increase 
when compared to the original analysis conducted in 2000 (Morton 2011). The trends of 
declining fertility seen in Australia have been reported in most dairy countries, including 
the USA, Netherlands, Ireland and New Zealand (Walsh et al. 2011). While it is 
difficult to determine the exact reason for the observed decline in fertility (Walsh et al. 
2011), it seems that the impact of management factors including the trend towards larger 
herd sizes, intensified nutritional management of herds and increased reliance on hired 
unskilled labour have all contributed to the observed decline in fertility of the modern 
dairy cow. 
Labour is the second largest operating cost on Australian dairy farms (second only to 
feed) and is therefore a logical factor to target in improving on-farm productivity. In an 
age of precision agriculture, on-farm automation, ‘working smarter, not harder’ and 
robotic technologies, the opportunity exists for research to investigate the potential to 
improve productivity of the dairy farming operation. This might be achieved by 
increasing the information made available to the farmer to aid in timely management 
decisions and/or by freeing up time to allow a shift in focus from labour intensive tasks 
like milk harvesting, to higher impact management tasks like reproduction and nutrition. 
Due to the growing costs of labour in many dairy countries, automatic milking systems 
(AMS) are becoming increasingly popular (Rossing and Hogewerf 1997). Switching 
from a conventional milking parlour to automatic milking results in big changes for both 
the herdsman and the cows. The impact of AMS on reproductive performance is a 
matter of debate and is likely impacted by associated changes in milking frequency and 
milk yield. Whilst some studies (Kruip et al. 2000; Dearing et al. 2004) have been 
conducted to investigate the impact of AMS on fertility of cows housed indoors; the 
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findings are inconsistent. Regardless, there have been no significant studies relating to 
the reproductive performance of pasture-based cows managed with AMS.  
Automatic milking systems are often described as a completely new way of farming 
since the voluntary cow traffic and resultant distribution of milkings throughout the day 
and night impact on most aspects of herd and farm management. For example, when 
cows are managed with a conventional milking system they are herded (which may in 
itself prompt the display of oestrus behaviour) by farm staff who can then take the 
opportunity to identify individuals displaying oestrus behaviour at each milking session. 
Since milking occurs largely without human intervention in AMS, traditional oestrus 
detection methods and/or routines require reconsideration. Development and adaptation 
of automated technologies to aid oestrus detection may have a valuable application in 
AMS farms.   
Besides adopting automated technologies, support software is required to provide the 
farmer with data or information to aid decision making regarding the reproductive status 
of individual cows (Ordolff 2001; Brandt et al. 2010). Cow activity, moving/trafficking 
behaviour, and physiological changes can be used to monitor their health and fertility 
(Brandt et al. 2010). In addition, numerous studies have evaluated the use of indicators 
in milk to support feeding management, oestrus detection, and the detection of udder 
infections and abnormal milk (Chagunda et al. 2006; Mottram et al. 2007; Hettinga et 
al. 2008). Sensors for on-farm analysis of milk composition or physiological status have 
been developed either to replace or aid visual inspection or for monitoring alterations in 
milk indicators (Brandt et al. 2010). Some examples of sensors include (but are not 
limited to) milk electrical conductivity (Hogeveen et al. 2010) to detect mastitis, 
accelerometer for measuring gait for lameness (Pastell et al. 2009) and oestrus 
(Kamphuis et al. 2012) and ruminal pH sensors (AlZahal et al. 2011) for the detection 
of sub-clinical ruminal acidosis. Biosensors are another powerful tool for measuring 
milk constituents, which consist of a biological component (e.g., an enzyme, antibody, 
or microorganism) and new technology has been developed to measure some of these 
milk constituents assisting farmers in nutritional management and to monitor milk 
quality. Biosensors measuring milk urea nitrogen, lactate dehydrogenase, lactose and 
progesterone (P4) have also been reportedly used to monitor reproductive status (Brandt 
et al. 2010). Infrared thermography (IRT; used to measure body surface temperature) is 
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another example of advanced technology although investigations into cattle applications 
have predominantly focused on the early diagnosis of disease (mastitis, lameness) and in 
thermophysiological studies. Though IRT has been used to measure the vulval 
temperature changes during oestrus in sows, gilts (Scolari et al. 2011; Sykes et al. 2012) 
and cows (Hellebrand et al. 2003; Jones et al. 2005), there have been no published 
studies which evaluated the potential of IRT for oestrus detection and prediction of 
ovulation in dairy cows managed in pasture-based conditions.  
Oxidants and antioxidants are key signalling molecules involved in various 
physiological processes in the female reproductive tract such as, steroidogenesis, 
folliculogenesis, ovulation, pregnancy but they are also involved in pathological 
processes (Agarwal et al. 2006). Biosensors and automated technologies have the 
potential to become reliable and user-friendly tools, which give real-time measurements 
of an individual cows oxidant and antioxidant levels thereby providing an automated 
indication of oestrus. An opportunity exists for clinicians to explore their effects on 
reproductive outcomes particularly in dairy species. Oxidative stress (OS) is associated 
with embryonic losses in dairy cows (Celi et al. 2011; Celi et al. 2012) and has also 
been shown to have a role in the pathogenesis of follicular cysts and repeat breeder 
syndrome in dairy cows (Rizzo et al. 2007; Rizzo et al. 2009; Talukder et al. 2014b). 
However, to the best of our knowledge, there are no published studies measuring the 
differences in concentration of oxidative biomarkers between ovulatory and anovulatory 
cycles in dairy cows. 
Oxidative stress can be measured in a number of ways, however measuring individual 
oxidants in the laboratory can be time-consuming, labour intensive, and costly (Celi 
2011b). The development of a cow-side automated test measuring the oxidative status of 
individual cows would prove to be an invaluable tool, which would allow on farm and 
non-invasive monitoring of reproductive events such as ovulation and the common 
reproductive disorders (embryo mortality, and cystic ovarian disease).  
Developing a strong understanding of AMS management and challenges associated with 
reproductive management in these systems is core to determining potential solutions. 
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AUTOMATIC MILKING SYSTEMS 
The introduction of AMS is one of the most significant technological changes in the 
dairy industry. In Europe, AMS have been commercially available since 1992. 
Thereafter, the number of AMS installed throughout the world has increased steadily in 
the last decade. In late 1997, more than 100 farms were using AMS and by early 2004, 
the figure had increased to over 2,200 farms and more recently it has been reported that 
more than 10,000 farms globally are using AMS (de Koning and Rodenburg 2004; de 
Koning 2010). Milking cows is one of the most time consuming activities on dairy 
farms that requires about 25-35% of the annual labour demand (de Koning 2010). A 
detailed survey of Australian farmers in 2004 found that 70% of farms spend five or 
more hours a day milk harvesting (Jago et al. 2007). Automatic milking systems provide 
a viable alternative to the intensive labour required for milk harvesting in conventional 
parlours. Besides dramatically reducing the labour requirement for milk harvesting it 
also has the ability to result in significant improvements in the hours worked and 
flexibility of routines on farm (Molfino 2014).  
Reproductive performance of dairy cows in AMS 
Questions have been raised as to whether reproductive performance of cows managed in 
an AMS differ from those managed in CMS. In intensive indoor AMS, a number of 
studies have been conducted to evaluate reproductive performance, but findings are 
inconclusive due to short data collection periods and use of limited measures to quantify 
reproductive performance. Under research conditions, Dearing et al. (2004) monitored 
six farms in The Netherlands for up to six months prior to AMS installation through 
until 12 months post installation and noted an increase in calving to conception interval 
as well as reduced conception rate. Whilst that study (Dearing et al. 2004) suggests an 
initial decline in reproductive performance during the first 12 months of operation (a 
period generally agreed as an adaptation period; for both cows and people), it does not 
allow us to speculate on the long term impact of the operating an AMS on reproductive 
performance. In another study, analysing the data of 415 lactations, Kruip et al. (2000) 
reported that higher milk production levels were associated with a delay in 
commencement of ovarian activity and oestrus expression resulting in a significant 
increase in the interval from calving to first insemination. The lactations evaluated in the 
study were predominantly from herds that were within the first 12 months of operation 
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with AMS and therefore cannot be deemed ‘established’ herds. However, Weiss et al. 
(2004) suggested that even with the 415 lactations involved in the Kruip et al. (2000) 
study, there is a need for even larger datasets to be collected and evaluated to determine 
the true effects of automatic milking on fertility (Weiss et al. 2004) which is a valid 
point as larger datasets may have an impact on epidemiological studies. On the other 
hand, Löf et al. (2007) reported shorter calving intervals and shorter calving to first 
insemination and conception intervals in AMS herds in Sweden compared with herds 
managed with CMS. It is possible that the combined effects of individual cow 
performance, management policies (for example voluntary waiting period, the method 
of oestrus detection) and herd size are all factors contributing to discrepancies in 
findings across the studies (Lof et al. 2012). It is also possible that as time has passed 
since the time of the first AMS installation, the study of Löf et al. (2012) is a reflection 
of herds being managed in an environment of improved industry knowledge around 
AMS. To the best of our knowledge, there are no reported studies that have evaluated 
the reproductive performance of dairy cows in AMS herds within pasture-based 
systems.  
Washburn et al. (2002b) evaluated the reproductive performance of dairy cows in 
confinement vs pasture-based feeding systems. Whilst cows in pasture-based systems 
had consistently lower average body condition scores and the numerical advantage for 
overall pregnancy rate (71.7% vs 64.2%), the reproductive performance did not differ 
significantly in that study (Washburn et al. 2002b). On the other hand, Bela et al. (1995) 
observed that pasture-based dairy cows required fewer services per conception and had 
shorter calving interval compared to confined cows. This may be explained (at least in 
part) by the space allowed for cow-to-cow interaction (to display oestrus behaviour) 
which is significantly greater in pasture-based management systems compared to 
confined systems (Diskin and Sreenan 2000). In addition, cows in confinement are more 
prone to feet and leg problems which may restrict their mounting behaviour (White 
2000). As a result, operators are more likely to rely on automatic oestrus detection tools 
and/or to detect oestrus by other means if overall herd reproductive performance is to be 
maintained at acceptable levels.   
Besides housing, nutrition plays an important role in oestrus expression and associated 
reproductive outcomes (Roelofs et al. 2010). Energy stores during late gestation, 
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calving, and early lactation affect the interval from calving to first oestrus and the 
likelihood of a successful pregnancy (Beam and Butler 1998; Chagas et al. 2006; Roche 
et al. 2007). In a study of Armstrong et al. (2001), heifers were evaluated for the effect 
of either low or high levels of energy intake and dietary crude protein on follicular 
dynamics and oocyte quality and reported a reduction in oocyte quality when dietary 
protein was increased, consistent with the reduction in conception rate with increased 
dietary protein in dairy cows (Canfield et al. 1990). In a meta analysis with 21 studies to 
evaluate the effects of dietary intervention of crude protein on fertility, Lean et al. 
(2012) concluded that increased concentration of crude protein reduced the conception 
rate in dairy cows. Nevertheless, in pasture-based production systems, where the 
availability of dietary protein can be twice as much as required, conception rates are 
generally better than those seen in systems in which balanced diets are offered (Royal et 
al. 2002; Harris 2005; Chagas et al. 2007). However, it is unlikely that any of these 
specific dietary components will provide simple solutions to the problem of sub fertility 
associated with lactation in high-yielding dairy cows (Chagas et al. 2007). Low dry 
matter intake of cows relative to their potential intake is a problem in pasture-based 
system (Roche et al. 2011). Kolver and Macmillan (1994) reported that greater than 
60% of the milk production difference between pastured cows and those fed a total 
mixed ration was dry mater intake. Estimations of pasture mass can be made using 
physical cuts of pasture, electronic density measures, plate meters or geo-spatial 
methods. However, the precision of these methods is variable with farmers often losing 
confidence in the absolute figures, becoming frustrated with the time required to capture 
data regularly and finding it difficult to justify the time required in relation to the 
perceived value. Moreover, cows kept in pasture spend more energy for walking (both 
between the paddock and the dairy and during grazing) than cows kept in confinement 
(Washburn et al. 2002b). Some grazing paddocks were up to 1200 m from the milking 
area, which could have had an impact on the cow’s energy balance (Washburn et al. 
2002b). The consequences of severe negative energy balance (NEB) are an increased 
risk of metabolic diseases that largely occur within the first month of lactation, reduced 
immune function and a reduction in subsequent fertility (Roche et al. 2009; Walsh et al. 
2011). 
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DESCRIBING REPRODUCTIVE PERFORMANCE 
Reproductive outcomes should be evaluated in a dairy herd to identify the associated 
risk factors of poor reproductive performance. Evaluating and quantifying the factors 
associated with reproductive performance requires accurate data and appropriate 
analytical techniques. According to different calving management strategies, several 
reproductive measures can be used to describe reproductive performance of dairy cows 
(Table 1). Some of these are discussed below. 
Calving interval  
Mean calving interval (CI) has been used widely to determine the reproductive 
performance in dairy cows. Calving interval is the amount of time (days or months) 
between two subsequent calving events (for the same dam). A 13-month CI corresponds 
to approximately 115 days open (DO; based on 280-day gestation length) in Holstein 
Friesian cattle (Meadows 2005b). The accuracy of this approach depends on analytical 
strategies, herd size and normal distribution of these values (Morton 2004). It is 
recognised that inaccuracies due to normal variation, bias, momentum and lag effects 
might limit the use of this indicator in modern dairy herd. Moreover, average CI does 
not take into account cows that fail to recalve i.e. failure of conception (Esslemont 
1992). This is also largely determined by retrospective rather than present reproductive 
indices (Ferguson and Galligan 2000). Projected calving intervals (PCI) are an 
alternative (more timely) indicator for monitoring overall herd reproductive 
performance because it uses current year data rather than the previous years’ CI 
(Meadows 2005b). The projected CI can be defined as the projected minimum days 
open plus a standard 280-day gestation (Fetrow et al. 1990).  
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Table 1. Definitions, targets and triggers of reproductive measures used in different 
calving herds to describe the reproductive performance [Source: (InCalf 2007)]. 
Calving 
herds 
Reproductive 
measures 
Definitions Targetsa Triggersb 
Year 
round  
100-day in-calf 
rate 
Percentage of cows pregnant 
by 100 days after calving 
58% <45% 
200-day not in-
calf rate 
Percentage of cows not 
pregnant by 200 days after 
calving 
13% >19% 
80-day 
submission rate 
Percentage of cows that were 
inseminated by 80 days after 
calving 
73% <61% 
Conception rate Percentage of cows detected in 
oestrus and inseminated that 
became pregnant 
51% <43% 
Seasonal
/split  
6-week in-calf 
rate 
Percentage of cows pregnant in 
the first 6 weeks of mating 
71% <60% 
Not-in-calf rate Percentage of cows not 
pregnant after the end of 
mating 
Dependent on the 
length of mating 
(Table 2) 
Not-in-calf rate 
after two mating 
periods (split 
calving herds 
only) 
Percentage of cows not 
pregnant after two successive 
mating periods 
Depend on the length 
of mating (Table 2) 
10-day 
submission rate 
Percentage of cows 
inseminated or served in the 
first 10 days of the mating 
period 
41% <36% 
3-week 
submission rate 
Percentage of cows 
inseminated or served in the 
first 3 weeks of the mating 
period 
86% <75% 
Conception rate Percentage of cows detected in 
oestrus and inseminated that 
became pregnant 
53% <49% 
aThe targets describe the results achieved by the top 25% of farmers during the InCalf 
research project, based on 6 week or 100-day in-calf rates.  
bThe triggers indicate when the farmer ought to seek help from experts and to evaluate 
the factors associated with the respective reproductive measures. 
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Table 2. Targets and triggers of not-in-calf rates for mating periods of different lengths 
[Source: (InCalf 2007)]. 
Length of mating Targetsa Triggersb 
6 weeks 29% >40% 
9  weeks 20% >28% 
12 weeks 13% >21% 
15 weeks 10% >17% 
18 weeks 9% >13% 
21 weeks 8% >11% 
aThe targets describe the results achieved by the top 25% of farmers during the InCalf 
research project, based on 6 week or 100-day in-calf rates.  
bThe triggers indicate when the farmer ought to seek help from experts and to evaluate 
the factors associated with the respective reproductive measures. 
 
Days open 
Days open (DO) is the time (days) between calving and conception. Cows with shorter 
DO enhance herd profitability as they have an increased proportion of lactational days 
(during a cows’ lifetime) that are attributed to high milk production during early 
lactation (Louca and Legates 1968). Cows with shorter DO also produce a higher 
number of replacement stock during their lifetime. Stevenson and Lean (1998) 
conducted an epidemiological study of data from 1992 to 1994 in New South Wales, 
Australia and reported that average DO was 101 days while Moss et al. (2002b) 
evaluated the data of 10 commercial dairy herds in the Camden region of New South 
Wales from 1995 to 1996 and reported that DO was 118 days. In a recent study of AMS 
herd, Talukder et al. (2014a) observed longer DO (128 days) than the findings of the 
previous Australian researchers. However, the declining trend of reproductive 
performance during the last 10 years (Morton 2011) supports and could explain, at least 
in part, the relative reduction of the reproductive outcomes with time. The disadvantage 
of average DO is that it does not account for cows that fail to conceive (Esslemont 
1992). It is also largely a retrospective determinant of reproductive performance 
(Ferguson and Galligan 2000).  
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Conception rate and pregnancy rate 
Reproductive performance can also be evaluated by calculating conception rate (i.e. 
proportion of cows detected in oestrus and inseminated that became pregnant) and 
pregnancy rate (proportion of cows becoming pregnant per unit of time; literally, the 
speed at which cows become pregnant; Meadows 2005a). Pregnancy is usually 
confirmed by rectal palpation between 28 and 50 days post insemination (Leblanc 
2010). Numerous studies in Australia (Stevenson and Lean 1998; Moss et al. 2002a), in 
Europe (Pinedo et al. 2011; Walsh et al. 2011) and in USA (Washburn et al. 2002a) 
have used this reproductive parameter to quantify reproductive performance. 
Proportion of cows pregnant by specified periods after calving can also be used to 
define reproductive performance (Morton 2004). Different time periods after calving 
were used in different studies including 80 days (Uchida et al. 2001), 100 (Lucy 2001), 
115 (Ferguson 1996), 150 (Westwood et al. 2000; Raizman and Santos 2002), 210 
(Ferguson 1996) and 320 days (Raizman and Santos 2002). Proportion of cows pregnant 
in respect to a specific time after the start of the breeding season is also used in some 
studies such as 42 (Walsh et al. 2008) or 150 days (Coleman et al. 2009). The major 
limitation of this approach is that it overestimates pregnancy rate by overestimating the 
actual proportion of cows becoming pregnant but it is easy to measure and is less biased 
than calving interval, which requires the data of two consequent calvings (Leblanc 
2010).  
The most commonly used methods in Australia rely on non-return to insemination and 
rectal pregnancy detection (Brightling et al. 1990; Morton 2004). In an Australian study, 
Williamson et al. (1978) reported 11% higher conception rate based on non-return to 
insemination relative to calculations based on rectal pregnancy diagnosis. Non-return to 
insemination relies on occurrence and accurate detection and recording of all oestrus 
events subsequent to the service of interest (Morton 2004). In general, measures based 
on non-return to insemination data overestimate herd reproductive performance (Morton 
2004). 
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Measures of submission rate  
Submission rate is another parameter used to measure herd reproductive performance. It 
describes the proportion of eligible cows that were inseminated by a specified time after 
calving such as 65 (Eddy 1980), 80 (InCalf 2007) or 90 days (Henry 1986). This method 
reduces the difficulties associated with skewed data for calving to first insemination 
interval whilst also accounting for non-inseminated cows (Morton 2004). Ferguson 
(1996) used 24-day submission rate (calculated based on insemination within the first 24 
day of the breeding season irrespective of calving date) along with other measures of 
reproductive traits. In Australia, Brightling et al. (1990) analysed the data from 1984-
1986 and reported a 30 day submission rate of 77% while in the same study analysing 
the data from 1985 to 1987, 30 day submission rate was reported of 81%. Evaluating the 
data in 2009, the In Calf Fertility Data Project (2011) reported the 21-day submission 
rate as 72%. Submission rate for first service has been used as an indicator of oestrus 
detection rate (Morton 2004). However, it is affected by the occurrence of anoestrus 
(Morton 2004).  
Time to first insemination/service 
Time to first insemination is the average days in milk at first insemination. This value 
could be highly confounded by oestrus detection rate and management decisions about 
voluntary waiting period (days after calving during which cows are not bred, even if 
they are seen in oestrus). It is reported that over the past 30 to 50 years, the percent of 
cows displaying standing oestrus has been reduced from 80 to 50% and the duration of 
standing oestrus has shortened from 15 to 5 hour (Dobson et al. 2008). In commercial 
herds, detecting oestrus based on visual signs and or monitoring of mounting using tail 
paint or heat mount detectors, it is not practical to determine the exact time of onset of 
standing oestrus (Hockey et al. 2010b). In addition, managers of large pasture-based 
herds face particular problems with cow identification, record keeping, oestrus 
detection, and drafting cows for artificial insemination (Verkerk 2003; Morton 2004). 
Previous work even suggests that conception rates are reduced if insemination is 
delayed more than 14–16 hours after onset of oestrus behaviour (Maatje et al. 1997; 
Dransfield et al. 1998; Morton 2004). Early Australasian work demonstrated that 
conception rates were highest when insemination was delayed for 9-15 hours after cows 
were first recorded as being in oestrus (Arnott 1961; Macmillan and Watson 1975a; 
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Macmillan and Watson 1975b), even where signs of oestrus were only recorded twice 
daily (Macmillan and Watson 1975a; Macmillan and Watson 1975b). If automated 
oestrus detection technologies are to have widespread uptake they need to detect and 
report oestrus events in a timely manner with a high level of accuracy to ensure that 
herd submission and conception rates are not compromised. 
Numerous methods can be used to describe the reproductive measures. The choice of 
methods affects the statistics describing the reproductive performance. Therefore, the 
methods used needs to be considered carefully when making comparisons of 
reproductive performance among studies conducted in different herds under different 
management systems. The interval between calving to conception and two subsequent 
calvings are widely used measures in year-round calving herds while measures that 
describe the percentage of the herd pregnant by specified times after mating start date 
are used in seasonal calving herds.  
Calving interval is a general measure of reproductive performance; conception rate is an 
indicator of things like technique of the inseminator, the quality of the semen, the timing 
of insemination and accuracy of oestrus detection. Submission rate is an indicator of 
how well the cows are cycling and how effective or accurate the farm staff are at 
detecting oestrus. If everything is done perfectly, e.g., semen quality is good, cows are 
cycling, people are accurately detecting oestrus etc, and then the key determinant of 
reproductive performance is determined by the physiological state of the cow. To 
understand this it is important to comprehend the reproductive biology of lactating dairy 
cows. 
REPRODUCTIVE BIOLOGY OF LACTATING DAIRY COWS 
When describing the reproductive performance in dairy cows, it is important to consider 
how these may be mediated in biological terms. The reproductive biology of lactating 
dairy cow is briefly discussed below. 
Oestrus cycle 
The oestrous cycle represents the cyclical trend of ovarian follicular activity that 
enhances the female to be sexually receptive for mating and facilitates the establishment 
of pregnancy (Forde et al. 2011). The normal duration of an oestrous cycle in cattle is 
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18–24 days and it can be divided into four phases:  prooestrus, oestrus, metoestrus and 
dioestrus. The first two phases are called the follicular phase (4-6 day duration) and the 
second two phases are the luteal phase (14-18 day durations; Figure 1). The follicular 
phase is characterized by two (Knopf et al. 1989) or three (Ireland and Roche 1987) 
consecutive follicular waves per oestrous cycle, selection of a dominant follicle that 
continues to grow and matures to the preovulatory stage and ovulates allowing the 
oocyte to be released into the oviduct creating the potential for fertilization. Following 
ovulation during the luteal phase, the corpus luteum (CL) is formed (metoestrus) and 
luteolysis of CL occurs (dioestrus). 
 
 
 
Figure 1. Schematic depiction of the pattern of secretion of follicle-stimulating 
hormone (FSH), luteinising hormone (LH), and progesterone (P4); and the pattern of 
growth of ovarian follicles during the oestrous cycle in cattle. Each wave of follicular 
growth is preceded by a transient rise in FSH concentrations. A surge in LH and FSH 
concentrations occurs at the onset of oestrus and induces ovulation. The pattern of 
secretion of LH pulses during an 8-h window early in the luteal phase (higher frequency, 
lower amplitude), the mid-luteal phase (lower frequency, higher amplitude), and the 
follicular phase (high frequency, building to the LH surge) as indicated in the inserts in 
the top panel (adapted from Forde et al. 2011). 
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Endocrine control of oestrus and ovulation    
The oestrous cycle of cattle is governed by the positive and negative feedback 
mechanism of different hormones produced by various organs and tissues (Forde et al. 
2011). Gonadotrophin releasing hormone (GnRH), a decapeptide, secreted from the 
hypothalamus into the pituitary portal vasculature in pulsatile fashion, regulates the 
follicle stimulating hormone (FSH) and luteinizing hormone (LH) synthesis and 
secretion (Bernard et al. 2010). In female mammals, FSH stimulates ovarian follicle 
growth and maturation, as well as oestradiol (E2) synthesis by granulosa cells, whereas 
LH stimulates androgen production by theca cells and ovulation of the dominant 
follicle(s) (Bernard et al. 2010). At the ovarian level, high concentrations of E2 are 
secreted from the preovulatory graffian follicles (at oestrus) that stimulate uterine 
growth and the production of prostaglandins by the uterus (Hafez et al. 2000). This 
increase in E2 concentration in conjunction with inhibin gives negative feedback to 
reduce the FSH concentration to basal levels (Forde et al. 2011). The preovulatory surge 
of LH and FSH, a second type of LH and FSH release, occurs before ovulation and lasts 
for 6-12 hours. An increase in the circulating oestrogen concentration has a positive 
feedback effect on the hypothalamus, inducing a sudden surge of GnRH release, which 
combines with the preovulatory surge of LH and FSH (Hafez et al. 2000). Luteinising 
hormone initiates a cascade of processes by binding to tissues of a preovulatory follicle 
that terminates in release of an oocyte into the oviduct during ovulation (Roelofs et al. 
2010; Figure 2). Ovulation occurs 10–14 h after oestrus followed by the luteal phase of 
the oestrous cycle.  
Signs of oestrus  
The primary behavioural sign of oestrus is that the cow stands to be mounted by another 
cow or a bull (Ball and Peters 2004). The period between the first and last time the cow 
stands to be mounted is known as standing oestrus. Hurnik et al. (1975) used the 
following definition of standing oestrus: “the interval during which the cow makes no 
effort to escape when mounted by others (standing oestrus)”. There are also a number of 
notable behavioural changes around the time of oestrus. These can include 
aggressiveness, bellowing, chin resting, ano-genital licking and sniffing (van Eerdenburg 
et al. 1996), restlessness (Ball and Peters 2004), increase in agonistic interactions [e.g. 
head to head fights (Kerbrat and Disenhaus 2004)], sniffing of the vagina of herd-mates, 
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flehmen reaction (wrinkling of the nose and curling of the lip) and increased activity 
(Neves 2011).  
Numerous studies employ oestrus detection by visual observation of oestrus signs. 
Oestrus detection efficiency by visual observation of the standing heat varied a lot 
according to published reports, from 96%  to 58% (Roelofs et al. 2005b) depending  on  
the timing of observation on the day, time spent on oestrus detection, and frequency of 
observation. 
 
 
Figure 2. Ovulation events, adapted from Senger (1999).  
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OESTRUS DETECTION 
Efficient oestrus detection by visual observation is time-consuming and requires diligent 
attention (Firk et al. 2002). An ideal automated system for detecting oestrus should have 
the following characteristics (Senger, 1999):   
1. continuous surveillance of the cow  
2. accurate and automatic identification of the cow in oestrus  
3. operation for the productive lifetime of the cow  
4. minimal labour requirements and   
5. high accuracy and efficiency (95%) for identifying the appropriate physiological 
events that correlate with oestrus or ovulation or both.  
Aids used for oestrus detection  
Besides visual observation of behavioural signs, various types of oestrus detection aids 
like P4 measurement, activity meters, mount detection devices, pressure sensing radio 
telemetry, video cameras, tail painting, milk and body temperature measurements, and 
milk conductivity measurement have been developed to improve oestrus detection 
and/or aid visual observation. Table 3 summarises different methods used for oestrus 
detection in terms of which of the essential characteristics (as per above) they possess. 
Each of oestrus detection aids has its own advantages and disadvantages, which are 
discussed below. 
Table 3. Comparisons of different methods used for oestrus detection in terms of characteristics. 
Characteristics of an ideal 
oestrus detection method 
Methods used for oestrus detection 
P4 test Pressure 
activated heat 
mount 
detectors 
 
Devices for 
monitoring 
the activity 
 
Body 
temperature 
measurement 
 
Continuous surveillance √ √ √ √ 
Accurate and automatic 
identification 
  √  
Operation for the productive 
lifetime 
  √ √ 
Minimal labour requirements  √ √  
High accuracy and efficiency √    
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Progesterone test 
Progesterone measurement is used as the traditional way of determining the period from 
calving to resumption of luteal activity (Petersson et al. 2007; Lovendahl and Chagunda 
2010). Luteal activity is defined as the time when P4 concentration first exceeds a set 
threshold of, for example, 3 ng/mL (Bulman and Lamming 1978). Measurements of P4 
concentration generally provide the highest degree of accuracy (Ball and Peters 2004) 
and act as the gold standard for reproductive status measurement (Friggens and 
Chagunda 2005). However, the need for sampling of blood or milk, sample processing 
in laboratories as well as high costs have traditionally limited the use of P4 measurement 
as an on-farm tool (Friggens NC, 2005). Recent advances in biosensor technology (Herd 
Navigator®, HN; Lattec I⁄S, Hillerød, Denmark) have overcome these drawbacks by 
introducing in-line automated milk sampling and processing systems (Mottram et al. 
2002). This system measures milk P4 content and generates individual cow P4 
concentration curves to monitor the oestrus cycle, and detect non-cycling cows, 
pregnancy, and abortion. The associated software triggers an oestrus alert as soon as the 
P4 value drops to less than 4 ng⁄ml. This system has benefits in terms of improved 
pregnancy rates (due to having less insemination/cow), less veterinarian visits and 
reducing the time needed for management and observation by the herdsman (Rodenburg 
2014). However, the availability (in some countries) and compatibility with different 
milk harvesting systems is a limiting factor. The sensitivity and specificity of any 
applied sensors have to be the main factors in any evaluation, in addition to calibration 
and maintenance requirements, operating cycle duration, costs, and robustness (Brandt 
et al. 2010).  
The relatively high cost and extra labour for manual collection and labelling of milk 
samples limits the practical use of progesterone test for oestrus detection on farm. The 
HN system is the only known fully automated milk progesterone monitoring system 
available, which overcomes this limitation. However, the HN system calls for a major 
initial investment of 40,000 Euros (AU$ 61,017) for a herd of 120 dairy cows and an 
additional average of 50 Euros (AU$ 75) per cow-year for assay reagents (Saint-Dizier 
and Chastant-Maillard 2011) which may limit its uptake although a full cost/benefit 
analysis is justified.  
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Pressure activated heat mount detectors 
Pressure activated heat mount detectors are attached to the tail head to aid in detection 
of cows, which have been mounted by other cows. They commonly consist of 
cylindrical plastic container of red dye inside a clear plastic capsule, which is obscured 
by an opaque cover. The pressure of a mounting animal causes the capsule to burst and 
the red dye becomes visible (Ball and Peters 2004). The oestrus detection rate achieved 
with the use of this device varies from 50% to 85% across different studies (Ball and 
Peters 2004). The relatively low oestrus detection efficiency and time consuming task of 
applying this device to the tail head is probably its greatest limitation. Instead of 
intermittent observation, cows in oestrus may be detected by Heat watch® (Heat-Watch 
II, CowChips, Manalapan, NJ, USA) which is an example of an electronic modification 
of the pressure activated heat mount detectors which analyses the mounting profile of 
each cow (Saint-Dizier and Chastant-Maillard 2011). This system involves a 
miniaturized radio wave transmitter linked to a pressure sensor on the cows tail head 
which is activated by the weight of a mounting herd mate for a minimum of 2 seconds 
(Diskin and Sreenan 2000; Saint-Dizier and Chastant-Maillard 2011). Mounting activity 
(cow identification, time, date of mount, and duration of the sensor activation) are 
transmitted to a receiver. The computerised support software allows the herdsperson to 
retrieve the alerts at a convenient time. The efficiency of oestrus detection of this system 
in a free stall housed barn was reported at 86.8% compared to the visual observation of 
54.4% (At-Taras and Spahr 2001). The gold standard was categorised as any event in 
which at least two detection methods (Heat Watch/activity device/visual observation) 
were positive. On the other hand, Cavalieri et al. (2003) reported the efficiency of Heat 
watch and visual observation in pastured cows, as 90 to 100% and 95 to 100% 
respectively. In this study milk P4 concentrations were the gold standard for oestrus. The 
discrepancy between the two studies is likely attributed to the gold standard method and 
the vigilance of the visual observers.   
Mounting activity can be observed continuously using the Heat watch® system, 
however, as with any oestrus detection system, it is not without its challenges. Firstly, 
the housing and the type of flooring have a dramatic effect on mounting activity as 
reported in the previous studies (At-Taras and Spahr 2001; Cavalieri et al. 2003; Saint-
Dizier and Chastant-Maillard 2011). Secondly, the patch that holds the transmitter is 
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time consuming to attach to the cows and is not particularly well suited to re-use if it is 
rubbed off the rump. If the patch is rubbed free of rump, the transmitter is at risk of 
being lost (Rae 2010) although this can be significantly minimised if care is taken to 
attach the tail strap securely. Thirdly, as with any mechanised system, the receiver, 
buffer, computer, wiring, and software require a level of maintenance and upkeep. As 
with any oestrus detection aid a full cost-benefit analysis should be conducted prior to 
investment. An adaptation of Heat watch® system, the Heat Watch Xpress® is available 
in market which does not need a computer or software to process and display the data. 
The system monitors the mounting activity continuously via a small battery powered 
radio transmitter and sending mount data to a radio receiver and then to a buffer in the 
farm office from which the data can be printed (Diskin and Sreenan 2000; Rae 2010). 
Future studies need to be conducted in terms of its accuracy and cost compared to other 
oestrus detection aids.  
Devices for monitoring individual cow activity  
Increased movement of the cow is a well known behavioural change associated with 
oestrus (Lamming and Darwash 1998). Cows that are in oestrus have been reported to 
walk 2–4 times more than non-oestrus cows (Diskin and Sreenan 2000). Activity meters 
are commonly attached to the leg or neck of the cow to measure the amount of activity 
over a unit time span (Diskin and Sreenan 2000). These devices are commonly grouped 
into one of the three types: (i) leg activity metres recording the number of steps made by 
the cow per time unit (pedometers); (ii) neck mounted activity metres recording the 
movements of neck in three dimensions; and (iii) activity-metres attached to the leg that 
comprehensively assess the activity of dairy cows by measuring the number of steps and 
quantifying lying and standing behaviours using 3d-accelerometer technology (Saint-
Dizier and Chastant-Maillard 2011). Activity devices continuously monitor the 
individual cow activity in time blocks, with data downloaded automatically to the 
support software on a computer commonly located at the dairy. A base unit receiver 
located above the entrance of the milking parlour retrieves the data (via radio 
communication). From this receiver, the data are automatically forwarded to support 
software in a central computer and/or to a cell phone (Saint-Dizier and Chastant-
Maillard 2011). Deviations in activity during oestrus are detected automatically by 
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comparing the activity value of the day of oestrus with activity values of a reference 
period (Firk et al. 2002).  
Numerous studies have investigated the relationships between increased activity, time of 
ovulation and fertility (López-Gatius et al. 2005; Roelofs et al. 2005a; Hockey et al. 
2010a). Ovulation takes place on average 29–33 h after the onset of increased activity 
and 17–19 h after the end of increased activity in lactating Holstein cows (Roelofs et al. 
2005a; Hockey et al. 2010a). The interval from onset of increased cow activity to 
ovulation was positively correlated with interval from onset of increased cow activity to 
AI and interval from AI to ovulation (Hockey et al. 2010a).  
The efficiency of oestrus detection using pedometers and activity meters is generally 
more than 80% but is likely impacted by threshold set by the manufacturer and the 
reference period of previous activity that are used to define the increase in activity (de 
Mol 2000; At-Taras and Spahr 2001; Firk et al. 2002; Cavalieri et al. 2003; Hockey et 
al. 2010a; Lovendahl and Chagunda 2010; Saint-Dizier and Chastant-Maillard 2011). 
The specificity of pedometers and activity meters has been reported between 90% and 
100% but their accuracy depends on the algorithms used by the software (de Mol 2000; 
At-Taras and Spahr 2001; Firk et al. 2002; Cavalieri et al. 2003; Hockey et al. 2010a; 
Lovendahl and Chagunda 2010; Saint-Dizier and Chastant-Maillard 2011). Moreover, 
the specificity of activity meter can be affected by walking distances (between paddocks 
and dairy) and distances covered during grazing (significantly covered by pre-grazing 
biomass; Hockey et al. 2010a; Saint-Dizier and Chastant-Maillard 2011). Whilst 
effective incorporation of activity meters into indoor voluntary milking systems 
(Stevenson et al. 2014) and pasture-based conventional milking systems has been shown 
(Kamphuis et al. 2012) no such studies have reported effective incorporation into 
pasture based voluntary milking systems (AMS). It is possible that cows managed 
within pasture-based AMS have a higher level of variation in their baseline activity 
levels, which may influence the accuracy of activity monitoring devices in these 
systems.  
Milk and body temperature measurement 
The physiological body temperature of a healthy cow ranges between 37.8 and 39.4 °C. 
Changes in body temperature during the oestrous cycle have been shown to be 
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associated with the LH surge and ovulation (Rajamahendran et al. 1989). Furthermore, 
an increase in cows’ body temperature at the time of the LH peak during oestrus, a 
decline around ovulation and a subsequent increase and decrease during mid-oestrus and 
2 to 3 d before oestrus, respectively is commonly reported (Wrenn et al. 1958; Kyle et 
al. 1998; Fisher et al. 2008; Figure 3). Previous studies argued that the cause for the 
observed changes in body temperature might be ascribed to the increased activity at the 
time of oestrus (Walton and King 1986) or because of central regulation of body 
temperature influenced by factors that influence GnRH (Kyle et al. 1998). Another 
study suggested that the thermogenic effect of P4 secreted during the luteal phase 
contributed to the rise in body temperature (Wrenn et al. 1958). However, the 
mechanism behind the temperature changes during oestrus is not fully clear and the 
studies (Walton and King 1986; Kyle et al. 1998) were not designed to explore the 
mechanism of temperature changes. 
 
 
Figure 3. Mean hourly vaginal temperature before and subsequent to oestrus predicted 
using vaginal temperature (n = 15), adapted from Kyle et al. (1998). 
 
The reported magnitude and duration of body temperature rises during the oestrus cycle 
varies considerably in the literature. Core body temperature has been reported to rise 
between 0.3°C and 1.1°C (Kyle et al. 1998), 0.9°C and 1.3°C (Piccione et al. 2003) and 
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up to 0.5°C (Suthar et al. 2011). During oestrus core body temperature can remain 
elevated for 7 (Rajamahendran et al. 1989; Redden et al. 1993) to 11 hours (Mosher et 
al. 1990). Such variations in temperature rise and duration among the different studies 
may be explained by the different cooling strategies adopted in the different housing 
systems in which the above studies were conducted or even by other factors including 
nutrition, milk production or cow condition.  
In a study of Holstein-Friesian cows in tie stall barns, Schlünsen et al. (1987) monitored 
milk temperatures for a period of six years to detect oestrus and health conditions. These 
researchers observed that the following caused increases in temperature: oestrus 26%, 
medicinal treatment 16%, metritis 15%, metabolic disorder 11%, mastitis 5%, and 
inflammation of claws and limbs 5%. The remaining 22% of elevated temperatures were 
unexplained. Intensive fresh cow management programs have been established based 
upon using electronic thermometers to detect fever (Aalseth 2005). Udder surface 
temperature obtained by infrared thermography (IRT) has been evaluated for early 
detection of mastitis (Berry et al. 2003).  
Measurements of deep body temperature can be performed directly by vaginal 
thermometry, rectal probe (Piccione et al. 2003), placing microprocessor controlled data 
loggers into the vaginal cavity, temperature boluses placed in the reticulum and rumen 
(Bewley et al. 2008; AlZahal et al. 2011), implanting transmitters in the abdominal 
cavity (Brown-Brandl et al. 2005) and implanting transmitters in the udder (Lefcourt et 
al. 1999). Milk temperature can be used as an indirect measurement of deep body 
temperature with significant positive correlations reported between the two 
measurements (Fordham et al. 1988; McArthur et al. 1992).  
Whilst there has been no published literature of studies measuring deep body 
temperature of pastured cows for oestrus detection it is expected that temperature 
variations caused by a variation in environmental temperature, disease-related 
hyperthermia and⁄or some systemic or local inflammation would alter the accuracy of 
oestrus detection based on body or milk temperature measurement regardless of whether 
cows are pastured or housed (Firk et al. 2002; Fisher et al. 2008; Saint-Dizier and 
Chastant-Maillard 2011).  
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Whilst electronic temperature loggers lend themselves to automated data capture, the 
cost, accuracy and battery life are all factors that will impact on the viability of 
integration into commercial herds. More manual temperature measurements require the 
restraint of animals to measure the rectal/vaginal temperatures. The insertion of implants 
within the vaginal cavity/rumen/reticulum to record body temperature may cause 
discomfort and stress to animals that may alter the actual body temperature although it is 
expected that the duration of any discomfort/stress would be short term with well 
designed implants.  
With the development of non-invasive diagnostic tools, such as IRT, it is now possible 
to measure temperature of body surfaces non-invasively and with minimal discomfort to 
the cow. Because a robust physiologically based oestrus detection system may offer a 
more direct measurement of the changes that precede oestrus than monitoring animal 
behaviour, there is value in re-examining the predictive relationship between cow body 
temperature and oestrus (Fisher et al. 2008). If IRT shows value in detection of body 
temperature rises for oestrus detection it should be possible to automate the data capture 
at milking to allow individual cow baseline data to be developed. This may help to 
ensure that robust and accurate algorithms are developed to result in high levels of 
sensitivity and specificity of oestrus alerts. 
Factors affecting oestrus detection 
Regardless of the method, the accuracy and ease of oestrus detection is impacted by 
factors such as genetics, milk yield, parity, housing system, herd size, physiological 
status of herd mates and ambient conditions (Diskin and Sreenan 2000).  
The heritability of oestrus expression is usually low (0.21) and subjected to individual 
variation. However, genetic lines both within and between breeds do differ in oestrus 
expression (Orihuela 2000). 
The influence of milk yield on the magnitude and duration of oestrus expression varies 
from antagonistic (Lopez et al. 2004; Wiltbank et al. 2006) to non-existent (van 
Eerdenburg et al. 1996; Santos et al. 2009). The challenge with investigating the 
influence of milk yield on oestrus expression is accounting for all other confounding 
factors (particularly body reserves, nutritional status, hormone clearance rates and 
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energy balance; Meadows 2005a) and it is likely that these influence the findings and 
create the discrepancies. Milk production has been shown to be negatively correlated 
with E2 concentration and follicle diameter, with high producing cows (≥39.5 kg/day) 
having shorter oestrous duration, less standing events and reduced standing time 
compared to lower producing herd mates (<39.5 kg/day; Lopez et al, 2004). Decreased 
E2 could cause increased follicular size by delaying the time to E2-induction of oestrus, 
GnRH/LH surge, and ovulation in high-producing cows (Wiltbank et al. 2006). A 
descriptive study (Shrestha et al. 2004) following return to ovarian cyclicity in a 
population of high-yielding Holsteins found that 63% had delayed resumption 
(resumption did not occur until >45 days after calving). It is possible that an increased 
metabolic clearance rate of hormones occurs in high producing cows (Sangsritavong et 
al. 2002) which could explain the increased interval from calving to resumption of 
ovarian cyclicity. Negative energy balance has been shown to be associated with 
decreased pulsatile LH secretion and IGF-1 concentration (Diskin et al. 2003).  
Conflicting findings of the influence of parity on oestrus expression may be attributed to 
a host of factors including milk production, nutritional status, size of young stock (in 
relation to mature cows) and social hierarchy. Whilst Roelofs et al. (2005a) observed 
that primiparous cows had higher oestrus intensity and 3 h longer duration of oestrus 
than multiparous, other researchers have shown primiparous cows to have shorter and 
less intense oestrus events (van Vliet and van Eerdenburg 1996; Walker et al. 1996). 
López-Gatius et al. (2005) reported a dramatic impact of parity with each additional 
lactation number (1-9 lactations) being associated with a 21.4% decrease in walking 
activity at oestrus. In a review, Orihuela (2000) reported similar findings with the 
number of cows standing to be mounted (the best indication that a cow is in oestrus) 
increased with parity.  
Expression of oestrus activity also depends on the housing system and flooring. A 
comparison of oestrus behaviour of dairy cows in cubicle housing  with that of pastured 
cows reported that the former did not exhibit the same increase in mounting behaviour 
during standing oestrus period compared to cows at pasture and received fewer mounts 
during standing oestrus in observation sessions (Palmer et al. 2012). Whilst the flooring 
might explain the difference in mounting behaviour the reduced frequency of chin 
resting and ano-genital sniffing in the housed cows would be more likely explained by 
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the housing design itself which may have limited the cows’ freedom of movement and 
ability to interact with each other. In a separate study (Palmer et al. 2010) comparing the 
expression of oestrus between housed and pastured cows, it was reported that the mean 
number of mounts recorded by HeatWatch® for the standing oestrus events was 5.4 vs 
8.2 mounts and the mean duration of the standing oestrus period was 264 vs 326 min in 
the housed vs pastured animals, respectively. Some cows may evade mounting attempts 
because of unsafe conditions in the cubicles, which may explain the reduction in the 
mounting success rate (Phillips and Schofield 1990). In a study aimed at determining 
differences in intensity of oestrus, de Silva found no difference in the rate of mounting 
between animals housed in a free stall barn and those kept at pasture (de Silva et al. 
1981). Animals in de Silva’s study (both housed and pastured) were herded to dirt 
gravel areas for detection of oestrus thus removing the environmental differences while 
in the Palmer’s study cows were observed in their respective treatment locations 
(housed vs pasture) which may explain the variability between these two studies.  
The substrate on which cattle are housed can affect the frequencies of oestrus 
behaviours (Orihuela 2000). Cows are more likely to express mounting behaviour on 
underfoot surfaces such as grass, dirt or straw bedded yards compared to concrete floor 
(Diskin and Sreenan 2000). The preference for a dirt surface is further exacerbated when 
foot ailments are prevalent in a herd (Britt 1982; Orihuela 2000). 
Cows in oestrus are inclined to congregate in sexually active groups. This is only 
possible when more than one animal is in oestrus (or immediately pre or post oestrus) at 
any one time. Numerous studies have shown that the intensity and accuracy of oestrus 
detection is influenced by the number of cows being in oestrus at the same time with 
number of oestrus cows being positively related to walking activity (Roelofs et al. 
2005a) and number of mounts (van Vliet and van Eerdenburg 1996). Roelofs et al. 
(2005a) reported that the detection accuracy of pedometers was significantly higher 
when more than two animals were in behavioural oestrus at the same time (95%) 
compared to just two animals (85%) or one animal (67%) was in behavioural oestrus at 
the same time. Hurnik et al. (1975) observed that the number of mounts per cow 
increased from the average 11.2 with only one oestrus cow to 52.6 with three cows in 
oestrus in the same day.  
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Increased ambient temperature increases the incidence of anoestrus and silent ovulation 
(de Rensis and Scaramuzzi 2003). A higher percentage of abnormal luteal activity, 
delayed luteal cyclicity and reduced oestrus detection rate has been reported during hot 
seasons compared to cold seasons (Kornmatitsuk et al. 2008). Hot climatic conditions 
also resulted in a shorter duration of standing mount activity compared to cooler weather 
[2.97 h vs 6.76 h; (At-Taras and Spahr 2001)]. However, with less dramatic maximum 
environmental temperatures (range from 5.6 to 24.4°C) no significant effect of ambient 
temperature was observed (Walker et al. 1996) suggesting that the impact of 
environmental temperature is likely to be limited below a certain threshold. It is likely 
that this is also influenced by relative humidity as well.  
The influence of ambient temperature variation on cow body temperature may obscure 
oestrus associated body temperature peaks in such a way as to make detection by this 
method somewhat challenging (Fisher et al. 2008). In addition, disease-related 
hyperthermia and ⁄or some systemic or local inflammation may alter oestrus detection 
based on body or milk temperature measurement thus increasing the number of false 
positives (Saint-Dizier and Chastant-Maillard 2011). As a result, we expect that ambient 
temperature and even humidity should be taken into account if body and/or milk 
temperature are to be measure with the intention of  detecting cows in oestrus.  
INFRARED THERMOGRAPHY 
Infrared thermography (IRT) is a non-contact, non-invasive technique, which enables us 
to visualize the thermal outline of a definite object or being. It is the process of 
acquisition and analysis of thermal information from non-contact thermal imaging 
devices (Scolari et al. 2011).  
Infrared spectrum 
The optical region of the electromagnetic spectrum consists of three parts: the visible, 
the ultraviolet (UV) and the infrared (IR) (Kastberger and Stachl 2003). Humans can 
detect the visible waves by the naked eye but neither the UV nor IR light (Balaras and 
Argiriou 2002) can be detected with the naked eye. The wavelength of IR radiation is 
between 0.7 to 1 µm which is between the visible and microwave areas of the 
electromagnetic spectrum (Balaras and Argiriou 2002; Figure. 4). The IR spectrum can 
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be further categorized into three regions: near IR (0.75-1.4 µm), middle IR (1.5-<15 
µm) and far IR (15-1,000 µm). Near IR is close to visible wavelength while far IR is 
close to microwave wavelength. The middle and far IR spectrums can be measured by 
thermal detectors and are useful for IRT (Kastberger and Stachl 2003).  
Measurement principle of infrared thermography 
All objects emit infrared radiation due to internal mechanical movement of molecules in 
the form of rays (Kastberger and Stachl 2003). Infrared thermography transforms the 
radiant energy of objects in the IR band of the electromagnetic spectrum into an 
electronic video signal  and finally into a visible data image with black/blue tunes at low 
temperatures and red/white tones at higher temperature (Lamprecht et al. 2007). The 
obtained IRT data can be processed by dedicated software and is visualized as 
temperature maps with details of the temperature fields (Knizkova and Kunc 2007). 
Infrared thermography is sensitive enough to detect 0.1°C difference and with spatial 
distances to a few millimetres to scan effectively and report temperature measurements 
with high accuracy (Lamprecht et al. 2007). 
 
Figure 4. The optical region of the electromagnetic spectrum. Percentages describe the 
radiation intensity at the various wavelengths (Source: http://www.veterinary-thermal-
imaging.com). 
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Veterinary applications of IRT  
Thermal imaging was initially developed for industrial, medical, and military 
applications (Burnay et al. 1988) but the technology has been used vastly to examine 
radioactive temperatures of animals (McCafferty et al. 1998). One of the most 
significant advantages of IRT when applied in animal research is that it is a non-
invasive technique and measurements can be made without touching or disturbing the 
animal. Furthermore, measurements can be made at close range (<1 m) right through to 
far distances (>1000 m) (McCafferty 2007) depending on the instrument type and 
application. Some of the examples of veterinary use of IRT are presented in Table 4 and 
discussed below. 
Reproduction 
In the field of female reproduction, IRT has been shown to have some value in 
pregnancy diagnosis and oestrus detection in livestock (Table 4). For pregnancy 
detection/confirmation in late gestation mares, IRT has been used to confirm higher 
average flank temperatures compared to those in nonpregnant mares (Bowers et al. 
2009).  
The use of IRT for oestrus detection is predominantly reported in sows, gilts and cows. 
Scolari et al. (2011) and Sykes et al. (2012) have reported the use of IRT measuring the 
vulval temperature for oestrus detection in sows and gilts respectively and both 
concluded that this technology shows promise as an adjunct or aid for oestrus detection 
in pigs. Hurnik et al. (1985), Hellebrand et al. (2003) and Jones et al. (2005) have all 
investigated the potential for use of IRT as a tool for oestrus detection in cattle with 
varying results. The reality is that IRT as an oestrus detection tool in cattle will have its 
greatest application if the data/image capture can be automated. Bearing this is mind it is 
meaningful to understand the link between the IRT measurement and the reproductive 
physiology and inflammation (ovulation and oxidative stress). This requires studies that 
focus on defining the physiological state of the cows whilst also capturing IRT data 
throughout the reproductive cycle. It is possible that the hormonal state, the behavioural 
expression or the physical ‘inflammation’ of the cow causes an increase in temperature. 
Whether just one or a combination of these explanations is the case may impact on the 
accuracy of the technology as a detection aid and the physical site of data capture (e.g. 
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vulva, muzzle or other body parts). Furthermore, understanding the sensitivity of the 
measurements to climatic conditions, temperature rises at other times during the oestrus 
cycle, skin colour and moisture/dirt contamination will be important. Another factor that 
may be important could be whether the oestrus event occurs naturally or is induced. It is 
this factor, which may explain why Jones et al. (2005) were able to accurately 
discriminate the first oestrus and diestrus after oestrus synchrony but not in subsequent 
unsynchronised cycles.    
Thermal physiology and nutritional studies 
IRT has been used to evaluate many different aspects of thermoregulation in veterinary 
science. Such research in bulls has included scrotal surface temperature (Kastelic et al. 
1996; Lunstra and Coulter 1997) and determination of the contribution of the scrotum, 
testes, and the testicular artery to scrotal/testicular thermoregulation at two ambient 
temperatures (Kastelic et al. 1997). Under pasture based systems several studies used 
IRT as a non-invasive technology for assessing feed efficiency in dairy cattle 
(Montanholi et al. 2008) and beef steers (Montanholi et al. 2010). 
In horse research, IRT also been used to detect intrasynovial injections of bupivacaine 
hydrochloride in fetlock and middle carpal joints (Figueiredo et al. 2013), performance 
enhancing techniques (van Hoogmoed et al. 2000) and the scintigraphic, radiographic 
and thermographic appearance of the metacarpal and metatarsal regions of healthy adult 
horses treated with non-focused extracorporeal shock wave therapy (Verna et al. 2004; 
Kunc and Knizkova 2012). Simon et al. (2006) has evaluated the use of IRT on 
thermoregulation in exercised horses.  
In an experimental study in sheep, Capraro et al. (2008) used IRT to detect a significant 
level of gonadal cooling of hemiscrotum of sheep after experimental testicular torsion. 
Interestingly (particularly in relation to potential for image/data capture automation) 
George et al. (2014) showed high correlations between IRT eye temperature and vaginal 
and rectal temperature as measures of core body temperature in hair sheep. The eye may 
lend itself to automated data capture due to the fact that it is unlikely to be obscured (as 
the vulva may be with the tail) and if moisture and faecal/dirt contamination influence 
the accuracy of IRT data this would not be an issue with eye measurements.    
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Disease and injury 
Infrared thermography has been investigated as a non-invasive aid for detection of hoof 
disorders (Nikkhah et al. 2005), screening subclinical mastitis (Polat et al. 2010) and 
pain in welfare research (Stewart et al. 2010) in cattle. Schaefer et al. (2004) showed the 
value of IRT as an early detection tool for the identification of calves with bovine viral 
diarrhoea virus observing significant changes in eye temperature several days to one 
week before other clinical signs of infection manifested. The positive welfare 
implications of such non-invasive, early disease detection would have particular value if 
the data capture could be automated on a regular basis allowing for timely management 
decisions, which might prevent the onset of clinical disease. Infrared thermography has 
shown valuable application as a screening technology giving immediate and valuable 
confirmatory diagnostic testing during foot and mouth disease outbreaks (Rainwater-
Lovett et al. 2009). The potential use of IRT to diagnose foot lesions in sheep on 
endemic farms (Talukder and Celi, 2013) was another example of early diagnosis of 
disease. These authors recommended that longitudinal studies investigating the 
progression or regression of foot/hoof lesions in a larger population of sheep were 
required to identify temperature thresholds for early diagnosis and quantify the 
effectiveness of intervention measures (Talukder and Celi 2013). 
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Table 4. Veterinary application of infrared thermography, adapted from Mccafferty (2007).  
Species Measurement Distance 
(meter) 
Camera type IRT deemed useful (or not) by  
authors 
Author 
Cattle Effects of transportation – AGEMA 782 Yes Schaefer et al. (1988) 
Cattle Scrotal temperature 1 AGA Thermovision 782 Yes Kastelic et al. (1996) 
Cattle Inflammation and branding – Thermovision 470 Yes Schwartzkopf‐Genswein and 
Stookey (1997) 
Cattle Barn management 3 AGA 570 DEMO Yes Knı́ žková et al. (2002) 
Cattle Variation in udder temperature 2 to 2.5 Inframetrics 760 Yes Berry et al. (2003) 
Cattle Infection detection 1.3 FLIR Inframetrics 760 Yes Schaefer et al. (2004) 
Cattle Climate and housing conditions – Thermotracer 6T62 NEC Not defined Zähner (2004) 
Cattle Health and condition of hooves 1.5 to 2.0 FLIR Inframetrerics 760 Yes Nikkhah et al. (2005) 
Cattle Tail docking and pain – Merge, Sebastian FL Yes Eicher et al. (2006) 
Cattle Foot lesions, digital dermatitis - ThermaCAM E2, FLIR 
Systems 
Yes Stokes et al. (2012) 
Cattle Subclinical mastitis 0.5   IR FlexCam S Yes Polat et al. (2010) 
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Table 4 continued… 
Species Measurement Distance 
(meter) 
Camera type IRT deemed 
useful (or not) by  
authors 
Author 
Cattle Hoof and especially coronary band 
temperatures 
1-2  TIR1 imager manufactured by 
Fluke 
Yes Gloster et al. (2011) 
Cattle Subclinical mastitis 0.5   IR FlexCam S Yes Polat et al. (2010) 
Cattle Health and fertility diagnosis - - Yes Hellebrand et al. (2003) 
Cattle Oestrus detection 2.5 AGA Thermovision 
7504 unit 
No Hurnik et al. (1985) 
Cattle Discriminate between oestrus and 
dioestrus phases  
- - Yes Jones et al. (2005) 
Cattle Scrotal temperature 1 Thermovision 782 System Yes Lunstra and Coulter (1997) 
Cattle Scrotal/testicular thermoregulation  1  Thermovision 782 Not defined Kastelic et al. (1997) 
Cattle Bovine respiratory disease complex - FLIR S60 broadband camera Yes Schaefer et al. (2012) 
Cattle Eye temperature  0.5 ThermaCam S60 Yes Stewart et al. (2010) 
Cattle Early prediction index for infection in 
calves 
1 to 3  Inframetrics broadband 760 
infrared scanner 
Yes Schaefer et al. (2004) 
Horse Clinical disorders – AGA Thermovision  80 Yes Purohit (1980) 
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Table 4 continued… 
Species Measurement Distance 
(meter) 
Camera type IRT deemed 
useful (or not) 
by  authors 
Author 
Horse Posture and anaesthesia 0.01 Mikron 25 Yes Palmar (1981) 
Horse Rug and whip damage – AGEMA 450 Not defined Holah (1995) 
Horse Podotrochlosis – Dynarad 209a Yes Turner (1983) 
Horse Back pain – Insight Visions  Yes Colles (1995) 
Horse Lameness diagnosis  FLIR P45 Yes Cetinkaya and Demirutku (2012) 
Horse Thermoregulation in exercised horses 4  - Yes Simon et al. (2006) 
Horse Intrasynovial Injections of 
anaesthetic agents 
1  ThermaCAM i40 Yes Figueiredo et al. (2013) 
Horse Performance 
enhancement technique 
1.2  DTIS-500 EmergeVisionl Yes van Hoogmoed et al. (2000) 
Horse Non-focused extracorporeal shock 
wave therapy 
- DTIS 500 thermal camera Not defined Verna et al. (2004) 
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Table 4 continued… 
Species Measurement Distance 
(meter) 
Camera type IRT deemed 
useful (or 
not) by  
authors 
Author 
Horse Whether surface 
temperature and pregnancy 
1.5 to 1.6 Meditherm vet2000 Yes Bowers et al. (2009) 
Pig Nutritional study 2  Radiometric IR  
thermal maging camera 
Yes Loughmiller et al. (2005) 
Pig Febrile responses 2  PM-280 Thermacam Yes Loughmiller et al. (2001) 
Pig Vulval temperature and oestrus 0.61 Fluke IR FlexCam Termal Imager, 
model Ti55 
Yes Scolari et al. (2011) 
Pig Vulval temperature and oestrus 1.2 to 1.5 FLIR ThermoCAM S60 Yes Sykes et al. (2012) 
Sheep Diagnosis of interdigital dermatitis 0.5 FLIR, 620 series Yes Talukder and Celi (2013) 
Sheep Detection of gonadal cooling 24 inches - Yes Capraro et al. (2008) 
Sheep Measuring core body temperature - - Yes George et al. (2014) 
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Limitations of IRT 
There are some limitations and factors, which may influence the accuracy of IRT 
measurements and which need to be considered during the use of IRT. Environmental 
conditions such as ambient temperature and relative humidity can affect the accuracy of 
IRT. In a recent porcine study, Sykes et al. (2012) reported the greatest differences in 
vulval temperature were captured at ambient temperatures <10°C. On the other hand, 
Love and Linsted (1976) and Turner et al. (1986) reported that ambient temperatures of 
approximately 20°C and <20°C (respectively) were ideal for capturing IRT images. The 
difference in reported ‘ideal’ ambient temperatures are likely to be caused by other 
factors that were not reported in those studies including (but not limited to) humidity, 
nutritional status of the animals, moisture or contamination of skin at site of 
measurement, skin colour, angle and distance of measurement.   
Relative humidity changes the components of the atmosphere, which needs to be taken 
into account during thermography. At particular wavelengths, certain components of the 
atmosphere such as vapour and carbon dioxide absorb IR radiation (Kastberger and 
Stachl 2003; Stelletta et al. 2012). If environmental humidity is not taken into account, 
the displayed temperature may be overestimated (Kastberger and Stachl 2003). The 
known impacts of ambient temperature and humidity may create the need for 
comparison of control versus typical management environments to improve and develop 
new strategies for accurate IRT measurements.  
Sunlight and distance from object of measurement are also factors that have been 
reported to influence IRT eye temperature suggesting the need to ensure these two 
factors are managed with regard to consistency (i.e. capture images from a set distance 
and conduct the monitoring in a shaded environment; Johnson et al. 2011). Additional 
factors for example angle of measurement, wind velocity, drafts, foreign material on the 
hair coat and eye injury/disease may also have a significant influence (Hoffmann et al. 
2013).  
Despite the influence of above mentioned factors on the accuracy of IRT data capture, 
the technology shows much promise and is considered worthy of further investigation. 
The use of IRT in female reproduction is relatively limited and needs further intensive 
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studies on mapping the body temperature differences through the duration of the oestrus 
cycle. These temperatures should be correlated with plasma progesterone level to ensure 
that the biological status of the animals is captured throughout the temperature mapping. 
By doing this, it is more likely that a sound understanding of the cause of core 
temperature rises are developed i.e. whether it is the hormonal status, the increased 
behavioural activity or the physical ‘inflammation’ of the animal which are most 
responsible for causing the increase in temperature associated with the oestrus event. If 
it is the ‘inflammation’ caused by the process of ovulation and expressed as oxidative 
stress then it is also possible that a more direct measure of this is more appropriate and 
less prone to data capture challenges. 
FREE RADICALS AND ANTIOXIDANTS 
Measuring surface temperature with IRT might be possible to infer underlying 
circulation related to physiology and behaviour (McCafferty 2007). Like IRT, 
measuring other physiological parameters for example free radicals and antioxidants 
may also create opportunities to monitor normal and abnormal physiological events. The 
mechanism of ovulation (an important physiological event for reproduction) has been 
compared to inflammation, which causes an increase of temperature of inflamed 
tissue/area. Any technologies or sensors that are able to identify the increased 
temperature related to inflammation might be a reliable indicator of ovulation. Free 
radicals (produced as by-products of cellular metabolism) have been reported to be 
important mediators of inflammatory reactions involved in ovulation (Sugino 2005). 
Therefore, there is value in investigating the measurement of the free radicals in 
biological fluids as an indication of ovulation. 
Normally free radicals (oxidants) and antioxidants remain in balance, but when this 
balance is disrupted as a consequence of overproduction of free radicals or over-
depletion of antioxidants, oxidative stress occurs (Agarwal et al. 2005; Celi 2011b). 
Numerous studies have reported the physiological as well as pathological involvement 
of oxidants and antioxidants in mammals. Since reproductive and developmental 
processes accompany dynamic changes in metabolism and energy consumption, by 
products are generated on an extraordinary scale (Fujii et al. 2005). Among such by 
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products, free radicals are inevitably generated during the physiological process of 
oxygen consumption (Fujii et al. 2005). However, cells under aerobic conditions have a 
defence system (antioxidants) against these free radicals (Sugino 2005). The types of 
free radicals and antioxidants, their role in female reproduction and potential in the 
measurement of oxidative stress in relation to reproduction are discussed here and 
presented in Table 5 and 6. 
Free radicals 
Free radical species are unstable and highly reactive molecules (Agarwal et al. 2005). 
There are two major types of free radical species: reactive oxygen species (ROS) and 
reactive nitrogen species (Atsumi et al. 2008). The biologically most important ROS are 
superoxide anion (O2-.), hydroxyl radical (OH.), peroxyl (ROO.), alkoxyl (RO.) and 
hydroperoxyl (HO2.). Reactive oxygen species (ROS) have been implicated in more than 
100 diseases and also involved in the modulation of an entire spectrum of physiological 
reproductive functions such as oocyte maturation, ovarian steroidogenesis, corpus luteal 
function and luteolysis (Agarwal et al. 2005). The two common examples of reactive 
nitrogen species are nitric oxide (NO) and nitrogen dioxide (Szczepańska et al. 2003). 
Reactive nitrogen species has been associated with asthma, ischemic/reperfusion injury, 
septic shock and atherosclerosis (Schrier and Wang 2004; Agarwal et al. 2005; Reynaert 
et al. 2005; Schulman et al. 2005). 
Antioxidants 
Under normal conditions, scavenging molecules known as antioxidants convert ROS to 
H20 to prevent the potential toxic effects of ROS (Agarwal et al. 2005). There are two 
types of antioxidants: enzymatic antioxidants and non-enzymatic antioxidants. 
Enzymatic antioxidants are superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GSH-Px) and glutathione reductase (Nordéus et al. 2012). Non-enzymatic 
antioxidants are known as synthetic antioxidants or dietary supplements such as vitamin 
C, vitamin E, β-carotene and carotene, selenium, zinc, taurine, hypotaurine, glutathione 
(Pierce et al. 2004). 
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Oxidative stress 
Under normal circumstances, an appropriate balance is maintained between oxidants 
and antioxidants (Agarwal et al. 2005). When ROS are produced rapidly and are not 
neutralized by antioxidant mechanisms, these substances accumulate in the tissues 
resulting in OS (Agarwal et al. 2005). Reactive oxygen species have been reported to 
cause DNA damage, lipid peroxidation (which principally affects membrane structure 
and function), and protein damage (Sugino 2005). 
Role of free radicals and antioxidants in female reproduction 
The ovary is a metabolically active organ and, hence, it generates ROS (Fujii et al. 
2005). Many animal and human studies have demonstrated the presence of ROS in the 
female reproductive tract. Reactive oxygen species play both physiological and 
pathological roles in the female reproductive tract (Table 5 and 6; Agarwal et al. 2005). 
They are involved in several reproductive functions such as the regulation of follicular 
fluid environment, folliculogenesis, steroidogenesis, CL function, and luteolysis. 
Growing follicles, granulose cells of Graffian follicles and ovulated follicles all produce 
both enzymatic and non-enzymatic antioxidants to preserve themselves from the 
oxidative damage of ROS (Rizzo et al. 2012). This section addresses the vital role of 
ROS and antioxidants in physiological processes of the female reproductive tract 
including folliculogenesis, ovulation, CL function, steroidogenesis and maintenance of 
pregnancy.  
Whilst there is a considerable volume of literature relating to the role of OS in human 
reproduction, there is a great deal to be discovered about its role in ruminant 
reproduction, particularly in dairy cattle. A deeper understanding of the physiological 
role of OS on dairy cow reproduction may allow for the development of farm 
monitoring tools for reproductive events such as ovulation, embryo mortality, and cystic 
ovarian disease. 
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Table 5. Physiological roles of reactive oxygen species (ROS) and antioxidant enzymes in female reproductive processes in various mammalian 
species [Source: (Al-Gubory et al. 2010)]. 
Remarks Suggested role Species Reference 
H2O2 stimulates uterine contractions  Peri-partum regulation of prostaglandin 
production 
Rat Cherouny et al. (1988) 
High GSH levels in the oocyte  Reduction of disulfide bonds and sperm 
nucleus decondensation during fertilization 
Hamster Perreault et al. (1988) 
High levels of O2- in Day 5 uterine pregnancy  Regulation of vascular permeability at the 
initiation of implantation 
Mouse Laloraya et al. 
(1989a); Laloraya et 
al. (1989b) 
Growing and ovulated follicles exhibit high SOD 
Activity 
Regulation of follicular development, 
ovulation and luteal functions 
Rat Laloraya et al. 
(1989a); Laloraya et 
al. (1989b) 
Increased SOD activity during uterine deciduoma 
Development 
Control of decidual cell differentiation Rat Devasagayam et al. 
(1990) 
Levels of O2- and SOD exhibit marked changes in the 
uterus during the oestrous cycle 
Regulation of uterine oedema and cell 
proliferation 
Rat Laloraya et al. (1991) 
Blastocoel fluid contains amounts of H2O2 toxic to 
malignant pretrophectodermal cells 
Regulation of blastocyst tissue mass by 
apoptosis 
Mouse Pierce et al. (1991) 
Inhibition of ovulation by SOD in hCG-treated animals  Role of O2- in the mechanism of gonadotropin-
induced ovulation 
Rat Sato et al. (1992) 
Recovery of GSH after depletion in two-cell and 
Blastocyst stage embryos 
Protective role for GSR in the GSH redox 
cycle 
Mouse Gardiner and Reed 
(1995) 
Decreased SOD activity and increased lipid peroxide in 
the endometrium of the late secretory phase 
Endometrium shedding Human Sugino et al. (1996) 
  
52 Table 5 continued…    
Remarks Suggested role Species Reference 
Early expression of GST isoenzymes in embryonic 
tissues 
Detoxification of toxic compounds Human van Lieshout et al. 
(1998) 
Enhanced CAT, SOD and GSH-PX activities in placental 
and fetal tissues 
Protection against ROS toxicity in the feto-
placental system 
Human Qanungo and 
Mukherjea (2000) 
Enhanced CAT and GSH-PX activities, and GSH levels 
in placental tissue 
Control of H2O2 and stimulation of placental 
differentiation 
Human Jauniaux et al. (2000) 
High SOD expression and activity in CL during early 
pregnancy 
Regulation of luteal function  
 
Human Sugino et al. (2000) 
Enhanced CAT and GSH-PX activities and GSH levels in 
oviduct during the oestrous cycle 
Control of H2O2 during fertilization Cow Lapointe and Bilodeau 
(2003) 
Enhanced SOD and GSH-PX activities in CL during 
early pregnancy 
Rescue of CL from apoptosis Sheep Al-Gubory et al. 
(2004) 
H2O2 or O2- reduce oxytocin-induced myometrial 
Contractility 
Control of uterine contraction Human Warren et al. (2005) 
Enhanced GSH-PX and GSR activities and concomitant 
drop in B-cell lymphoma 2 associated X protein 
expression in early developing placentomes 
 
Control of H2O2 and cell death during placental 
development 
 
Sheep Garrel et al. (2010) 
SOD1 knock-out females exhibit marked increase in 
post-implantation embryo death  
Protection against O2- during implantation Mouse Ho et al. (1998) 
 
 
 
  
Table 6. Pathological roles of reactive oxygen species (ROS) and antioxidant enzymes in female reproductive processes and pregnancy 
outcomes in various mammalian species.  
Remarks Suggested role Species Reference 
A burst of placental oxidative stress during 
establishment of maternal circulation 
Early pregnancy loss Human Jauniaux et al. (2000) 
Oxidative stress trigger the release of cytokines and 
prostaglandins from placenta   
Development of preeclampsia Human Malek et al. (2001) 
Exposure of free radicals to ovarian surface epithelium 
due to incessant ovulation 
Etiopathogenesis of ovarian cancer Human Ness and Cottreau 
(1999) 
Imbalance in prooxidant  antioxidant systems in 
follicular fluid  
Abnormal development of oocytes and 
impaired fertility as well as damage to the 
oocyte’s DNA, cytoskeleton or membrane 
Human Agarwal and 
Allamaneni (2004) 
High oxidatively modified substances in peritoneal fluid 
and ectopic endometrial tissue  
Endometriosis Human van Langendonckt et al. 
(2001) 
High concentration of ROS in hydrosalpingeal fluid Embryo blastocyst development Mouse Bedaiwy et al. (2002) 
High concentration of ROS in embryo Aggregation of cytoskeleton components, 
condensation of the endoplasmic reticulum 
and loss of membrane fluidity 
Human Agarwal and 
Allamaneni (2004) 
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Oxidative stress, folliculogenesis and oocyte maturation 
Superoxide radicals are generated in the cytosol and mitochondria by normal 
metabolism and steroidogenesis during follicular development (Sugino 2005). The 
transition of the developing follicles to the antral stage is associated with a marked 
increase in metabolic function of granulose cells, most notably in the production of 
steroids via enhanced activity of cytochrome P450 enzymes (Figure 5). Reactive oxygen 
species and related compounds may function as intracellular regulators of 
steroidogenesis and P4 release in the CL. On the other hand, P4 is also able to enhance 
ROS generation as a physiological by-product of steroid synthesis during the follicular 
and luteal phase (González-Fernández et al. 2005).  
There are specific metaloenzymes those are known to scavenge superoxide radicals: 
copper-zinc superoxide dismutase (Cu, Zn-SOD), located in the cytosol; and manganese 
SOD (Mn-SOD), located in the mitochondria of ovarian follicular cells (Sugino 2005). It 
is reported that Cu, Zn-SOD may play a role in P4 production by the theca interna cells 
via the synthesis of hydrogen peroxide (Sugino 2005). Selenium dependent glutathione 
peroxidase activity has been demonstrated in human and mouse oviducts and oocytes 
(El Mouatassim et al. 1999). A delicate balance between ROS (superoxide radicals) and 
antioxidant enzymes (manganese and copper-zinc SOD) has been examined for SOD 
expression in the cumulus cells that surround the oocytes in all follicular stages 
including primordial, primary, pre-antral, non-dominant antral follicles in follicular 
phase, dominant follicles, ovulated follicles and atretic follicles (Suzuki et al. 1999). It 
is suggested that manganese and copper-zinc SOD both play important roles in the 
prolonged process of follicular atresia or luteal regression, possibly due to the inhibition 
of apoptosis in follicular or luteal cells (Suzuki et al. 1999). If the balance between 
antioxidants and ROS is disrupted during folliculogenesis, it may cause atrophy of the 
ovarian follicular atresia and premature resumption of meiosis (Levine and Morita 
1984). 
Oxidative stress and ovulation 
Reactive oxygen species play vital roles in the physiological processes leading to an 
ovulation event (Figure 5). The mechanism of ovulation has been compared to an 
inflammatory reaction (Espey 1980) - a localized physical condition in which part of the 
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body becomes reddened, swollen, hot, and often painful. Inflammation is accompanied 
by an increases in prostaglandin synthesis and cytokine production, the action of 
proteolytic enzymes such as matrix metalloproteinases, and increased vascular 
permeability (Brannstrom 2004). Reactive oxygen species could be important mediators 
of those inflammatory reactions involved in follicle rupture and have therefore been 
reported to be involved in ovulation (Sugino 2005).  
Possible sources of ROS during the ovulatory process could be the local leukocytes or 
endothelial cells localized around the preovulatory follicle (Brännström et al. 1993; 
Sugino 2005). Leukocytes accumulate around preovulatory follicles and even infiltrate 
into the granulose cell layer (Brännström et al. 1993; Araki et al. 1996). In an 
investigation to explore the state of female peripheral polymorphonuclear leukocytes 
(PMN) during menstrual cycles, Shirai et al. (2002) found that PMN contained high 
levels of superoxide, H2O2 and NO during at the periovulatory period suggesting the 
cause of this elevation to be LH receptors. Kodaman and Behrman (2001) assessed the 
ROS generation during the ovulatory cascade by luminol-amplified chemiluminescence 
and reported that ROS generated from isolated follicles originate in leukocytes 
indicating the role for ROS in the periovulatory period. 
Several studies have reported a strong interplay amongst ROS, apoptosis and ovulation 
(Sato et al. 1992; Miyamoto et al. 2010; Rizzo et al. 2012). Rizzo et al. (2009) 
measured reactive oxygen metabolites (ROMs) in follicular fluid of cows with cystic 
ovarian disease and found that they contained lower ROMs concentrations than the 
follicular fluid of ovulated cows. This suggests that ROMs in cystic fluid may be 
insufficient to induce the apoptosis of the cells of the follicular wall, thus inhibiting 
ovulation in cows with cystic ovarian disease. Future studies are required to evaluate 
temporal changes in OS markers in plasma as well as in utero-ovarian fluids if a deeper 
understanding of the role of OS in pathogenesis of cystic ovarian disease in cows is to 
be developed.  
Miyazaki et al. (1991) examined the potential role of ROS in human chorionic 
gonadotrophin-induced ovulation using SOD and/or CAT with in-vitro perfused rabbit 
ovary preparations. The simultaneous administration of CAT with SOD had no additive 
effect on ovulation rate compared with SOD alone suggesting that superoxide radicals 
may be involved in ovulation (Miyazaki et al. 1991; Sugino 2005). Whilst the 
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mechanisms by which superoxide radicals induce follicle rupture are not fully 
understood yet (Sugino 2005), it seems that they induce prostaglandin production 
(Cherouny et al. 1988; Sugino et al. 2001), activation of proteolytic enzymes 
(Buhimschi et al. 2000) and enhancement of vascular permeability (Sugino 2005).     
 
 
Figure 5. Generation of reactive oxygen species during ovulation and steroidogenesis in 
corpora lutea. Ovulation appears to be an inflammation like process. Reactive oxygen 
species are locally produced during follicular rupture and may be involved in the 
ovulation process. They are also generated by the corpus luteum via the monooxygenase 
reaction as a by-product during steroid hormone synthesis (Fujii et al. 2005).  
 
Regarding the role of SOD in preovulatory follicles during the ovulatory process, Sato et 
al. (1992) and Sasaki et al. (1994) reported dynamic aspects of Mn-SOD in follicles 
during the ovulatory process in rats. Sasaki et al. (1994) observed a marked increase of 
messenger ribonucleic acid levels and a low Mn-SOD activity level (but unchanged 
Cu/Zn-SOD activity and Cu/Zn-SOD mRNA) and suggested a possible rapid turnover 
of Mn-SOD (increased rates of synthesis and consumption of Mn-SOD). This indicates 
high levels of superoxide radical generation due to activated P4 production while Sugino 
et al. (1998) suggested that such a pattern of increased Mn-SOD expression is due to the 
response of cytokine rather than the enhanced steroidogenesis mentioned by Sasaki et 
al. (1994). Such a pattern of increased Mn-SOD expression without significant changes 
in Cu/Zn-SOD expression is often seen in inflammatory reactions (Wong and Goeddel 
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1988; Sugino et al. 1998), suggesting the presence of inflammation like events in 
preovulatory follicles and the important role of Mn-SOD in protecting luteal cells from 
inflammation mediated oxidative damage (Sugino et al. 1998). 
Oxidative stress, CL steroidogenesis and CL function 
Steroidogenic cells are potential sources of ROS because these compounds are by-
products of steroidogenesis. On the other hand, luteal ROS generated via 
monooxygenase reaction of the mitochondrial cytochrome P450 also influence P4 
synthesis (Sugino 2005; Rizzo et al. 2012). Sawada and Carlson (1996) reported a 
biphasic effect of ROS, with small levels associated with stimulation and high levels 
involved in inhibition of P4 secretion. Although ROS regulates the luteal cell 
steriodogenesis (positively or negatively depending on concentration, it has been 
proposed that the uncontrolled generation of ROS such as elicited by PGF2α (Sawada 
and Carlson 1994) disrupts cellular homeostasis leading to functional and structural 
luteolysis (Sawada and Carlson 1994). It is therefore possible that the monitoring of 
oxidative stress in different biological fluids will allow us to monitor CL function. If 
cow level information of oxidants and antioxidants concentrations could be generated 
automatically (on a daily basis) it might be possible to monitor CL function through on-
farm milk testing although the greatest value might require P4 data to be generated 
simulataneously and combine in an algorithm. Unless the combined data significantly 
enhanced reproductive monitoring and performance then the additional cost and effort 
required to capture, collate and report the data would not be justified. 
Considering that ROS are generated in the CL and that a decline in the expression of 
SOD, as well as CAT, has been observed during CL regression in the bovine ovary, it is 
reasonable to speculate that ROS and SOD are involved in the regulation of CL function 
(Sugino 2006). During recent years, evidence has accumulated to suggest that locally 
produced antioxidant enzymes within the CL are involved in the maintenance of luteal 
steroidogenic activity and structure (Al-Gubory et al. 2005). Rapoport et al. (1998) 
evaluated the levels of antioxidants during different developmental stages of the bovine 
CL as well as their correlation with steriodogenic status and reported that SOD and CAT 
activities showed similar patterns to plasma P4 concentration. In addition, an increase in 
the activity of CAT, SOD and β-carotene concentration in the mid luteal phase of the 
oestrous cycle followed by a decrease during the luteal regression has also been reported 
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(Rapoport et al. 1998). Furthermore, an increase in antioxidants (SOD and GSH-Px) and 
a decrease of pro-oxidant (nitric oxide synthetase) in the CL (from early to mid luteal 
phase) has been reported in sheep (Al-Gubory et al. 2005). However, no correlation of 
antioxidants and pro-oxidant enzymatic capacities of luteal cells with cell steroidogenic 
status and integrity during the late luteal phase were observed. This suggests that the 
demise and removal of sheep CL at the end of the oestrous cycle may be mediated by 
apoptosis despite the high local levels of antioxidant enzymes. After the initial 
functional luteolysis, the rise in secretion of PGF2α and the rapid decline in P4 
production both contribute to the progression of apoptosis in the sheep luteal cells (Al-
Gubory et al. 2005). 
Oxidative stress, embryo development and embryo mortality 
Reactive oxygen species may originate from embryo metabolism and/or embryo 
surroundings but an excess of its production has been associated with retardation of 
embryo growth often leading to embryo death (Guérin et al. 2001; Celi 2010), 
increasing days open and calving interval in dairy cows. Embryos have both internal 
(SOD and GSH-Px) and external (transferrin, ascorbic acid present in the oviduct) 
scavenging mechanisms (Guérin et al. 2001; Celi 2010). If fertilization occurs, high 
levels of luteal SOD and CAT have been observed (Rizzo et al. 2012). An increase in 
advanced oxidative protein products and malondialdehyde has been observed in 
pastured dairy cows that were diagnosed with embryo mortality after Day 25 of artificial 
insemination (Celi et al. 2011; Celi et al. 2012). Miszkiel et al. (1999) reported the 
presence of β-carotene and ascorbic acid in the CL of pregnant cows and sows. 
However, the continuous and abundant production of ROS during embryo development 
may result in oxidative stress.  
Oxidative stress might also be considered one of the mechanisms that link inflammation 
with embryo damage including mitochondrial alterations, embryo cell block, ATP 
depletion and apoptosis (Guérin et al. 2001). These embryonic losses appear to follow 
activation of multiple pathways that disrupt the reproductive axis at points including the 
hypothalamic-pituitary axis, ovary, oocyte and the embryo (Hansen et al. 2004; Celi 
2010). Activation of inflammatory and immune responses leads to an increase in the 
production of cytokines that can in turn increase secretion of other molecules 
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detrimental for embryo survival and development, such as PGF2α or nitric oxide (Hansen 
et al. 2004).  
Oxidative stress and pregnancy 
The stromal cells of the endometrium generate ROS as by-products of normal 
metabolism (Freeman and Crapo 1982). During pregnancy, foetal growth is associated 
with an increase in placental and maternal metabolism that, in turn, make the dam and 
the foetus susceptible to oxidative stress (Myatt 2010; Rizzo et al. 2012). Uterine, 
embryonic, feto-placental antioxidant adaptations to OS during pregnancy are now 
considered as key events for the establishment and outcome of pregnancy (Al-Gubory et 
al. 2010). However, ROS are recognized as physiologically relevant molecules that 
mediate cell responses to a variety of stimuli, and the activities of several molecules in 
the embryo (Covarrubias et al. 2008) and on placental function including trophoblast 
proliferation and differentiation and vascular reactivity (Myatt and Cui 2004). It has 
been reported that hypoxia and OS initiate placental trophoblast apoptosis, which are 
essential for early embryonic and placental growth via regulation of peri-implantation 
angiogenesis in humans, sheep and mice (Al-Gubory et al. 2010). An excessive 
production of ROS during early placental development can be associated with various 
diseases of pregnancy such as embryo resorption, miscarriage, intrauterine growth 
restriction, and pre-eclampsia in women (Myatt and Cui 2004; Rizzo et al. 2012). 
Oxidative status may also affect key transcription factors (hypoxia-inducible factor 
Nuclear factor-kB, activator protein-1 and apoptotic factor p53) and hence alter gene 
expression during development of the embryo (Dennery 2004). Over expression of these 
transcription factors impacts on vascular development, decreases apoptosis and 
increases the proinflammatory state, further modifies the cellular redox status and arrests 
growth of the embryo (Dennery 2004). Garrel et al. (2010) reported increased activity of 
antioxidant enzymes (Mn-SOD, GSH-Px) in sheep placentomes during early placental 
development, suggesting the changes in the antioxidant enzymatic defences could be a 
part of placentome adaptation to reactive oxygen species-induced OS at specific early 
developmental stages of pregnancy. Lista et al. (2009) suggested that the antioxidant 
protective role of the placenta against oxidative damage is in keeping with the large 
gradient of ROS between mother and foetus and the passage of total antioxidants from 
the mother to the foetus. Some authors observed only higher GSH concentration in 
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pregnant women compared to that in non-pregnant women while other antioxidants 
(GSH-Px and GSH reductase) did not differ between two groups (Zachara et al. 1993; 
Arikan et al. 2001). Antioxidant control of ROS is important during embryonic 
development through cellular signalling pathways involved in proliferation, 
differentiation and apoptosis, and ROS induced OS can alter embryonic development 
(Dennery 2007; Al-Gubory et al. 2010; Rizzo et al. 2012). Induced climatic stress in 
ruminants can result from an over-abundant production of ROS which has major adverse 
effects on health and reproduction of grazing ruminant animals, directly through the 
increased production of ROS in the animal, or indirectly, through the reduced quality of 
fresh or conserved forage (Aurousseau et al. 2006). 
Potential of measuring oxidative stress in relation to reproduction 
Measuring oxidative stress parameters in human reproduction has brought about 
substantial insights into the physiological and pathological role of oxidants and 
antioxidants in a number of reproductive events (folliculogenesis, ovulation, 
fertilization, embryo development, and pregnancy). The unpaired electron in the outer 
orbital of free radicals gives them the potential to attack any organic molecule, thus 
generating a class of compounds which are called reactive oxygen metabolites (ROMs) 
(Reilly et al. 1991). Plasma level concentration of ROMs can be considered as 
indicators of free radical production (Miller et al. 1993). There are numerous ways to 
measure oxidative stress in plasma (Celi 2011a). Reactive oxygen metabolites kits have 
been developed to assess oxidant levels in plasma and other biological fluids. The 
ROMs assay is intended for measurement of the concentration of total hydroperoxides in 
serum or heparin plasma (Ruskovska et al. 2014). Earlier studies have reported the use 
of the ROMs assay in monitoring oxidative stress in goats (Di Trana et al. 2006; Celi et 
al. 2008), sheep (Rizzo et al. 2008), and dairy cows (Bernabucci et al. 2002; Pedernera 
et al. 2010). Celi et al. (2012) used the free radical analytical system (FRAS 4) 
technology for assessing oxidative status in dairy cows. Total antioxidant capacity can 
be measured by means of several methods, such as Trolox Equivalent Antioxidant 
Capacity (Miller et al. 1993), Total Radical-trapping Antioxidant Parameter (Ghiselli et 
al. 1995), Oxygen Radical Absorbance Capacity (Cao et al. 1993) or the Ferric 
Reducing Ability of Plasma and Biological Antioxidant Potential (BAP; Benzie and 
Strain 1996). However, each of these techniques for measuring 
Review of literature 
61 
oxidants/OS/antioxidants has pros and cons. Trolox Equivalent Antioxidant Capacity is 
probably the least suitable to determine plasma antioxidant capacity due to the reliance 
on enzymatic activity and hence has not been widely applied (Badarinath et al. 2010). 
Total Radical-trapping Antioxidant Parameter is suitable for measurements of in-vivo 
antioxidant capacity in both serum or plasma because it measures nonenzymatic 
antioxidants such as glutathione and ascorbic acid  (Huang et al. 2005) but it is 
recognised as a relatively complex, time consuming process which requires a high 
degree of expertise and experience (Badarinath et al. 2010). The advantage of Ferric 
Reducing Ability of Plasma is simple, relatively quick, inexpensive, and does not 
require specialized equipment (Benzie and Strain 1999) although it cannot detect species 
that act by radical quenching, particularly sulfhydryl group containing antioxidants like 
thiols, such as glutathione and proteins (Prior and Cao 2000; Huang et al. 2005). 
Oxygen Radical Absorbance is suited equally well for the measurement of both 
antioxidants that exhibit distinct lag phase and those that have no lag phases (Caldwell 
2001) but it is limited to measurement of hydrophilic chain and ignores lipophilic 
antioxidants. The Biological Antioxidant Potential test provides a global measurement 
of many antioxidants, including uric acid, ascorbic acid, proteins, α-tocopherol and 
bilirubin (Benzie and Strain 1996). Regardless of the method employed, measuring 
biomarkers of OS in the laboratory can be time consuming, labour intensive, and costly 
(Celi 2011a). In addition, the measurement of biomarkers in blood or plasma does not 
lend itself to automation because cows need to be restrained and the blood must be 
collected by venepuncture. Milk, on the other hand, is less invasive and lends itself to 
in-line measurements, which has the advantages of convenience and timeliness.   
Due to its very complex composition, milk exhibits various biological activities (e.g. 
antioxidant, antimicrobial and immunomodulatory; Cervato 1999; Bučević-Popović et 
al. 2014). Milk contains many enzymes, which constantly consume metabolites, produce 
free radicals, and modify its composition (Silanikove et al. 2006). The indigenous 
enzymes in milk are secreted and arise through blood plasma, secretory cell cytoplasm, 
the apical membrane of the mammary cell and somatic cell (leucocytes; Fox and Kelly 
2006). Xanthine oxidase (XO) and lactoperoxidase (LP) activities are also sources of 
ROS in colostrum (Przybylska et al. 2007). Among antioxidative enzymes, SOD, GSH-
Px and CAT have been demonstrated in milk (Przybylska et al. 2007). In addition to 
enzymatic substances, several non-enzymatic antioxidants act as radical scavengers in 
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the lipid phase of milk, such as vitamin E, carotenoids and ubiquinol, whereas vitamin C 
acts in the water phase (Przybylska et al. 2007).  
Macrophage and epithelial cells of the mammary gland produce significant amounts of 
nitric oxide, which mediates inflammation during mastitis (Bouchard et al. 1999; Celi 
2011b). Nitric oxide production is considered as a primer defence system as it has 
antimicrobial properties due to peroxynitrite, a reactive nitrogen metabolite, derived 
from oxidation of nitric oxide (Huie and Padmaja 1993; Okamoto et al. 1997), however, 
excess production of peroxynitrite can cause alterations in antioxidant balance 
(Chaiyotwittayakun et al. 2002). Measuring oxidants and antioxidants in milk samples 
may be a reliable way for monitoring such an imbalance in dairy species.  
The “Herd Navigator” in-line milk testing system is based on biosensors for in-line 
measurement of P4 in milk (Gillis et al. 2002) which uses complex individual cow 
algorithms to determine appropriate sampling days, analyses samples and creates alerts 
for the herdsperson through the support software program. The breakthrough of 
technology like Herd Navigator creates the expectation that one day the automated 
measurement of oxidative biomarkers in milk may be possible. However, there is 
considerable work to be done to determine how various biomarkers of OS relate to the 
different states of the reproductive cycle, which biomarkers in milk best lend themselves 
as accurate and precise indicators of oestrus, and to establish if and when individual 
animals are experiencing OS in relation to the various reproductive stages (Celi 2010). 
As the physiological role of oxidative stress for inducing an ovulation event in humans 
was previously discussed, there is value in examining whether oxidative stress levels 
can be used as an indicator  that a cow is that about to ovulate. If cow level information 
of oxidants and antioxidants are available as a routine and particularly if automation is 
possible and tested along with P4 concentration, it might be possible to identify pre-
imminent ovulation through on-farm milk testing. 
CONCLUSIONS AND RESEARCH NEEDS 
Conclusions 
Accurate and timely oestrus detection in dairy cows is an important indicator of 
effective reproduction management for the dairy farm. The most commonly used 
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method for oestrus detection is visual monitoring (with or without aids), but this is 
particularly difficult for large dairy herds and potentially even more so for herds 
managed with AMS. Because of technical progress in monitoring cows using computers 
and sensors, automatic oestrus detection is becoming increasingly possible and popular. 
Results of oestrus detection vary depending on the threshold values (of the relevant 
technology) implemented on farm, the number of cows, housing and treatment of cows 
and the utilised method of time series analysis (Firk et al. 2002). A sensitivity of 100% 
in combination with no false oestrus alerts on the basis of computer aided management 
devices, is often expected by farmers but is difficult to achieve (de Mol 2000) but with 
the developments of sensor research and analytical techniques an improvement in 
oestrus detection is expected (van Asseldonk et al. 1998). 
Research needs 
The reproductive performance of dairy cows has been researched extensively for over 
40 years and numerous determinants have been identified (Morton 2004). Fertility data 
of AMS herds has been evaluated in numerous studies but the core (and still existing) 
gap within these studies is a lack in literature of reproductive performance of dairy cow 
under pasture-based system. This review of literature has identified some factors related 
to reproductive performance of dairy cows in AMS under pasture-based systems that are 
critical for planning future research and reproductive intervention to increase the 
reproductive performance in the Australian dairy industry. 
Measuring herd reproductive performance 
Several parameters have been used to evaluate herd reproductive performance; however, 
to quantify the reproductive performance in indoor-based AMS a limited number of 
determinants were used in each study. In addition, measures differ depending on herd 
management systems. As AMS is a completely new way of farming and different from 
CMS, it is necessary to assess the reproductive performance in pasture-based AMS to 
ensure that areas of under performance can be addressed and that farmers considering 
AMS have appropriate expectations around reproductive performance (a key factor 
impacting on-farm profitability).  
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Factors determining the reproductive performance 
While numerous determinants of reproductive performance in AMS have been 
identified, much of this research has been conducted in Europe and research findings 
may vary from Australian production systems. There is a need to conduct data analysis 
to evaluate the effect of management and physiological factors such as milk yield and 
milking frequency on the reproductive performance of pasture-based AMS dairy herds. 
In addition, it is also necessary to evaluate the effects of several other factors (including 
management and husbandry techniques) on the reproductive performance of AMS. 
Identifying the most important factors 
To improve herd reproductive performance, it is necessary to identify the most 
important factors associated with the measures of reproductive performance in AMS 
systems. In CMS, herd persons monitor cows for visual sign of oestrus during fetching, 
yarding, and milking. Since, in AMS, no milkers are present at the time of milking, there 
is value in reconsidering traditional oestrus detection methods. Accordingly, interest in 
automatic oestrus detection as a replacement or assistant to manual detection of oestrus 
continues to be of interest.  
Role of technologies in oestrus detection 
Irrespective of AMS/CMS, there is a need of replacing visual detection of oestrus 
considering growing labour cost, increased herd size and shorter duration of oestrus in 
modern high yielding dairy cows. Progress is ongoing with respect to monitoring cows 
with electronic devices and biosensors. New technologies need to be tested and 
validated for oestrus detection in pasture-based Australian dairy herds. 
Testing OS as ovulation indicator 
Oxidative stress has been reported to be associated with female reproductive events. 
Developing a more integral understanding of the biological processes and their 
relationships is essential if the true value/potential of using OS biomarkers as indicators 
of oestrus to be determined. 
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Addressing these needs  
Many of the above-mentioned gaps in knowledge are addressed in this thesis. 
Descriptive statistics of reproductive indices and associations between numerous risk 
factors and reproductive performance of an AMS research herd using the determinants 
suitable for Australian dairy herds are described in Chapter 2. To improve oestrus 
detection, the potential of new technologies and their on farm practical use was 
investigated in Chapter 3 and Chapter 5. Changes in plasma OS biomarkers between 
ovulatory and anovulatory oestrus cycles were reported in Chapter 4, while differences 
in milk OS biomarkers in ovulated vs anovulated cows are described in Chapter 6. 
During the study period detailed in Chapter 3, a cow was diagnosed with a follicular 
cyst after synchronization of oestrus. Her ovarian follicle diameter, hormonal profiles 
and OS biomarkers are reported and compared to those in her ovulated cohort, in a case 
study (Chapter 7). Similarly, the investigation capture in Chapter 5 coincided with the 
occurrence of a Displaced Abomasum and the data captured allowed the generation of a 
detailed case report for that cow detailing her milk yield, activity level, and rumination 
level compared to her herd mates. Chapter 9 discusses the implications of study findings 
for future research and provides the recommendations for validating the oestrus 
detection methods and in line milk monitoring systems of OS biomarkers as ovulation 
indicators. 
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OVERVIEW OF CHAPTER 2 
Chapter 2 is a retrospective analysis to investigate the relationships between milk yield 
and milking frequency during early lactation on reproductive performance parameters 
based on historic data captured from Australia’s first AMS research herd. In addition, 
the effect of a number of other factors (including management and husbandry 
techniques, cow factors, disease events, season of calving and insemination details) on 
the reproductive performance of the pasture based AMS research herd has been 
evaluated in this chapter. 
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ABSTRACT 
A retrospective, single-cohort study was conducted to identify production and health 
factors associated with reproductive performance in a pasture-based, automatic milking 
system research farm. The calving system of this herd shifted from split calving to year-
round calving gradually during the study period. Data from 365 cows with 798 
lactations were analysed. Reproductive outcome variables of interest were intervals 
from calving to first oestrus, to first insemination, and to conception, as well as number 
of inseminations per conception, probability of submission for insemination by 80 days 
in milk, probability of conception by 100 days in milk and probability of conception at 
first insemination. Production factors (milk yield and its composition, milking 
frequency), record of periparturient disease, parity and season of calving were 
considered as predictor variables. The associations between predictor and outcome 
variables were assessed by multivariable linear regression, logistic regression, and 
survival analyses, for quantitative, binary and time-to-event outcomes, respectively. 
Average milk yield and milking frequency during 100 days in milk were not 
significantly associated with any of the reproductive measures. The likelihood of 
conception by 100 days in milk decreased gradually with year of automatic milking 
system commissioning. Cows calved in autumn were 43% (hazard ratio 1.43, P < 0.05) 
more likely to conceive than cows calved in summer. Multiparous cows were more 
likely (P < 0.05) to be recorded for oestrus than primiparous cows. Twinning was 
negatively associated with the reproductive outcomes measured in the automatic milking 
system research herd. Milk yield and milking frequency during 100 days in milk had no 
effect on reproductive measures in the pasture-based, automatic milking system research 
herd. 
Keywords: reproduction, automatic milking system, pasture-based system. 
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INTRODUCTION 
The introduction of automatic milking systems is one of the most significant 
technological changes in the dairy industry since the late 19th Century. In Europe, 
automatic milking systems have been commercially available since 1992. Since then, 
the number of automatic milking system units installed throughout the world has 
increased steadily. In late 1997, >100 farms were using automatic milking systems, and 
by early 2004, the number had increased to >2200 farms (de Koning and Rodenburg 
2004). Currently, >10,000 farms globally are using automatic milking systems (de 
Koning 2011). Automatic milking systems are becoming increasingly popular due to the 
growing cost of labour, reduced labour availability and increased desire for improved 
lifestyle in many dairy countries (Rossing et al. 1985). More recently, the ability to 
manage the herd at an individual level through the improvement of real-time and 
individualised data has also likely influenced the uptake of this technology in some 
markets. Automatic milking systems are often described as a completely new way of 
farming because the voluntary cow traffic and resultant distribution of milkings 
throughout the day and night affects most aspects of herd and farm management. For 
example, cows managed with conventional milking systems are generally inspected for 
oestrus behaviour at the time of milking. Milking occurs largely without human 
intervention with automatic milking systems; therefore, traditional oestrus detection 
methods and/or routines require reconsideration. 
In intensive-housing systems, several studies have been conducted to identify the factors 
influencing reproductive performance in automatic milking systems, but findings are 
inconclusive. Under research conditions with an individual feeding and management 
system in an automatic milking system (regardless of the milking frequency), significant 
association has been reported with longer interval from calving to first insemination but 
no effect on non-return rate at 56 days after first insemination (Kruip et al. 2002). Weiss 
et al. (2004) reported a neutral effect of milking system (automatic v. conventional) on 
the interval from calving to conception and resumption of ovarian cyclicity for cows 
kept in a naturally ventilated, loose housing barn. On the other hand, Dearing et al. 
(2004) monitored six farms in The Netherlands, from up to 6 months before automatic 
milking system installation through to 12 months post-installation, and showed an 
increase in interval from calving to conception as well as reduced conception rate. By 
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contrast, Löf et al. (2007) reported that automatic milking system herds in Sweden had 
shorter calving intervals and shorter intervals from calving to first insemination or to 
conception compared with conventional milking system herds. It is possible that the 
combined effect of individual cow performance, management policy (e.g. voluntary 
waiting period, the method of oestrus detection) and herd size are all factors contributing 
to the different findings. 
We are not aware of any studies that have evaluated the reproductive performance of 
dairy cows in pasture-based, automatic milking system herds. Therefore, we conducted a 
retrospective, single-cohort study to investigate the effects of milk yield and milking 
frequency during early lactation on reproductive performance. In addition, we evaluated 
effects of several other factors (including management and husbandry techniques, cow 
factors, periparturient disease events, season of calving and insemination details) on the 
reproductive performance of the pasture-based, automatic milking system research herd. 
MATERIALS AND METHODS 
Farm and animal management 
This retrospective, single-cohort study involved 365 cows with calving dates between 1 
May 2006 and 30 April 2011, as mentioned in Talukder et al. (2012). Only cows that 
had at least one recorded oestrus or insemination event were included in the analyses (n 
= 798). The pasture-based, automatic milking system research herd (Elizabeth 
Macarthur Agricultural Institute, Camden, NSW, Australia) consisted of 82% (n = 660) 
Holstein-Friesian cows, 16% (n = 125) Illawarra, and 2% (n = 13) crossbreds. From 
May 2006 to March 2009, all milkings were conducted through two single-box milking 
units (VMS; DeLaval, Tumba, Sweden). In March 2009, a prototype robotic rotary 
(Automatic Milking Rotary™; DeLaval; Kolbach et al. 2013) was commissioned and 
milkings were conducted in a combination of single-box milking units and RR as the 
prototype equipment was co-developed and tested in a pasture-based system. From early 
February 2011, all milkings were conducted in the RR, and in May 2011, the single-box 
milking units were removed completely. 
During the study period, cows were always subjected to a voluntary waiting period of 50 
days in milk, during which time observed oestrus events were recorded but cows were 
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not inseminated. The primary oestrus detection method was visual behavioural 
observation, aided by the use of a secondary method, Kamar Heatmount Detectors 
(Kamar Products Inc., Zionsville, IN, USA). The Kamar Heatmount Detector was 
applied to the tail head of each cow at Day 45 of lactation and was monitored for colour 
changes (assumed to be caused by mounting behaviour). Cows that were not recorded 
for oestrus by 60 days in milk were drafted and checked by the veterinarian and a Kamar 
Heatmount Detector was reapplied if the first had been lost. Non-cyclers (cows that did 
not show oestrus signs during the voluntary waiting period) were checked by the 
veterinarian at 60–65 days in milk and synchronised according to the following protocol 
only if they were diagnosed with ovarian abnormalities (e.g. persistent corpus luteum or 
follicular cyst). Oestrus was synchronised with 1 mL (100 µg) intramuscular injection of 
gonadorelin acetate (Gonabreed®; Parnell Laboratories Pty Ltd, Alexandria, NSW) 
followed by 2 mL (500 µg) synthetic prostaglandin analogue, cloprostenol sodium 
(Estrumate®; Schering-Plough Animal Health Ltd, Baulkham Hills, NSW) 7 days later. 
An additional 1 mL Gonabreed injection was administered 48 h after the Estrumate 
injection, and fixed-time insemination was conducted 8–24 h later. Farm staff 
programmed the system to have cows in oestrus automatically drafted at the dairy; 
inseminations were conducted twice daily before cows were released back with the main 
herd. Pregnancy status was diagnosed by rectal palpation by veterinarians ~6 weeks 
after insemination. When cows were diagnosed not pregnant, they were injected with 
Estrumate and then monitored for oestrus signs as described above. If any cow was 
diagnosed pregnant to different services, rechecking was performed by a veterinarian to 
determine the actual date of insemination that resulted in pregnancy. During the study 
period, a transitional and gradual change in calving pattern was implemented by shifting 
from split to year-round calving. Animals were routinely vaccinated against clostridial 
diseases (Ultravac®; Pfizer Animal Health, West Ryde, NSW) and were regularly 
treated for parasites. 
Data management 
Individual cow records were maintained electronically on the automatic milking system 
or RR support software (VMSClient and DelPro; DeLaval). In addition to milk 
production and milking session records, the herd database included cow identification, 
date of birth, parity, breed, calving history, date and details of recorded oestrus events, 
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inseminations, dry-off events, periparturient problems (milk fever, retained foetal 
membrane, assisted calving), and all treatments. Data related to pregnancy diagnosis and 
any hormonal interventions were also recorded in the support software. Three lactations 
recorded with abortions and mummified foetuses were excluded from the final dataset. 
Cumulative milk yield and average milking frequency from calving to 100 days in milk 
were calculated using the electronic data captured in the support software VMSClient. 
Average milking frequency from calving to 100 days in milk was calculated using the 
average daily number of milkings through the first 100 days in milk. Fortnightly herd 
tests (analysed milk samples) were conducted until January 2011. Herd test samples and 
production parameter data were submitted to Dairy Express (University of New 
England, Armidale, NSW). Milk fat and protein percentage data at 100 days in milk 
were obtained from the closest herd test event. If the date for 100 days in milk was <15 
days from a record for milk solids content, the nearest date was considered. If the 100-
days date was >15 and ≤20 days from a record, an average was obtained using the 
preceding and succeeding recorded data according to the procedure followed by Moss et 
al. (2002), and when the nearest sample result was >20 days before or after the 100 days 
date, the data point was considered as a missing value. All data were collated in an 
electronic spreadsheet (Microsoft Excel v12, 2007) to allow the outcome variables to be 
calculated. 
Outcome variables 
The key reproductive performance measurements of interest were intervals from calving 
to first oestrus, to first insemination, and to conception, as well as number of 
inseminations per conception, submission for insemination by 80 days in milk (yes/no), 
conception to first insemination (yes/no), and conception by 100 days in milk (yes/no). 
Probability of submission for insemination by 80 days in milk describes the proportion 
of cows that were inseminated by 80 days after calving, and probability of conception 
by 100 days in milk describes the proportion of cows that conceived by 100 days after 
calving (InCalf 2007). 
Periods from calving to first oestrus, to first insemination, and to conception were 
measured in days on a continuous scale and number of inseminations per conception 
was measured as counts. Where a positive pregnancy diagnosis was recorded, the last 
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insemination date was considered as the day of conception; all other insemination dates 
were assumed to have resulted in no conception. Number of inseminations per 
conception and the interval from calving to conception were analysed only for the cows 
that were recorded with a positive pregnancy diagnosis. 
Predictor variables 
Predictor variables investigated in this study were milk yield, milking frequency, milk-
fat percentage, and milk protein percentage during early lactation (0–100 days in milk). 
Additional variables assessed included season of calving and insemination, parity, 
breed, and periparturient diseases (e.g. assisted calving, retained foetal membrane, milk 
fever, stillborn and twin birth). The predictor variables are described in Table 1. Interval 
from calving to first oestrus was also tested as a predictor variable in the model to 
identify its effect on interval from calving to first insemination and to conception.  
Statistical analyses 
Among the 798 lactations investigated, cows had a positive pregnancy diagnosis for 
86% (n = 686) of lactations and the dataset of those cows was used for analyses of 
interval from calving to conception, conception to first insemination, and number of 
inseminations per conception. Frequency tables were created for binary outcome 
variables. All of the continuous predictor and outcome variables were initially assessed 
using descriptive statistics. Continuous predictors were then tested for linear association 
with continuous outcome variables; if there was no linear effect, continuous predictors 
were then categorised into quartiles for easier interpretation. Continuous predictor 
variables (except the interval from calving to first interval) such as 100-days milk yield, 
100-days milking frequency, 100-days milk-fat percentage and 100-days milk protein 
percentage were categorised into quartiles that ensured that each group had an 
approximate similar number of observations using statistical software,SAS which 
generated the category values as described in Table 1. 
Linear and logistic regression analyses were performed for continuous and binary 
outcome variables, respectively. Initially, univariable analyses were conducted, and 
variables significant at a P-value 0.25 were selected for multivariable analyses following 
the procedure reported by Dhand (2009, 2010). Multivariable analyses were performed 
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to identify groups of predictor variables associated with outcome variables. Biologically 
relevant interactions were subsequently added to the model following forward stepwise 
selection procedure, and variables significant at P < 0.05 (based on the Wald’s test for 
logistic regression and partial P-value for linear regression) were included in the model. 
Multivariable models were built using a manual stepwise approach, assisted by the 
MultiLogistic macro (Dhand 2009). At each step of the multivariable model, all of the 
variables were tested in the model by excluding them one at a time, whilst all other 
variables were tested for exclusion in the model by including them in the model one at a 
time. A P-value of 0.05 was used as a cut-off for both entry and exclusion. So, if any of 
the tested variables in the model was not significant, it was removed, and if one of the 
tested variables not in the model was significant, it was included. 
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Table 1. Descriptions and values of variables evaluated. 
Name Descriptions Values 
Year Year of automatic milking system 
operation  in which lactations started 
Year 1, Year 2, Year 3, 
Year 4, Year 5A 
Season of calving Season in which cow calved Summer, Autumn, 
Winter, SpringB 
Season of first 
insemination 
Season in which cow was first 
inseminated 
Summer, Autumn, 
Winter, SpringB 
Season of 
conception 
Season in which cow conceived Summer, Autumn, 
Winter, SpringB 
100-day milk yield  Cumulative milk yield (kg) during  
first 100 days in milk as recorded by 
inline milk meters 
≤ 1950, 1950 to 2521, 
2522 to 3044, >3044 
100-day milking 
frequency  
Average daily number of milkings 
through first 100 days in milk 
≤1.5, 1.6 to 1.9, 2.0 to 
2.2, ≥2.3 
100-day milk fat 
percent  
Milk fat percent at first 100 days in 
milk 
≤3.28, 3.29 to 3.64, 
3.65 to 4.01, >4.01 
100-day milk 
protein percent  
Milk protein percent at first 100 days 
in milk 
≤2.88, 2.89 to 3.04, 
3.05 to 3.19, >3.19 
Interval from 
calving to first 
oestrus  
Interval (d) from date of calving to 
date of first detected oestrus 
Continuous  
Parity Lactation number 1, 2, 3, 4, 5, ≥6 
Twin Record of twin calving Yes, No 
Assisted calving Record of requiring any assistance 
during calving 
Yes, No 
Retained foetal 
membrane 
Retention of placenta for at least 24 
hours post- parturition 
Yes, No 
Still birth Parturition of dead calf Yes, No 
Milk fever Record of any clinical sign of milk 
fever within four weeks of parturition 
Yes, No 
AYear 1, Calving 1 May 2006–30 April 2007; Year 2, 1 May 2007–30 April 2008; Year 
3, 1 May 2008–30 April 2009; Year 4, 1 May 2009–30 April 2010; Year 5, 1 May 
2010–30 April 2011.   
BSummer, December–February; autumn, March–May; winter, June–August; spring, 
September–November. 
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Only one measure of milk solids (either fat percentage or protein percentage separately) 
and milk yield were included in each multivariable model to avoid the problem of 
collinearity. Parity, calving season, milk yield, and milking frequency during the first 
100 days of lactation were included in each final model to avoid any confounding 
effects of these factors according to Gröhn and Rajala-Schultz (2000) and to obtain 
effect estimates for those variables. Each final model was then tested by linear mixed 
model (PROC MIXED; SAS Institute Inc., Cary, NC, USA) for continuous outcome 
variables, and generalised linear mixed model (PROC GLIMMIX; SAS Institute Inc.) 
for binary outcome variables after adjusting for the clustering effect of cow. 
Assumptions were evaluated using residual diagnostics. Models have been refitted twice 
by including all current variables as in the final models but first excluding milk yield 
and then excluding milking frequency for all of the reproductive outcome variables 
evaluated in this study. Intervals from calving to first insemination had skewed 
distributions, so logarithmic transformation was performed for this variable before 
conducting the univariable analyses (available as Supplementary Material in the online 
version of this paper), and the means were back-transformed for presentation of results. 
The back-transformed means represent the geometric means. 
The associations between the predictor variables and number of inseminations per 
conception were tested by Poisson regression using GENMOD followed by PROC 
GLIMMIX (SAS Institute Inc.) procedure after adjusting for clustering due to cow. 
Regression coefficient of each predictor was exponentiated for the interval from calving 
to first insemination and number of inseminations per conception to calculate ratios of 
geometric mean and counts, respectively. Times to reproductive events (i.e. interval 
from calving to first oestrus and to conception) were tested by survival analyses with 
Cox’s proportional hazard model (PHREG procedure; SAS Institute Inc.) and adjusted 
for the clustering effect of cow. Hazard ratios (HR) and their confidence intervals (CI) 
are presented in the Results. Cows that were not recorded for at least one oestrus by 49 
days in milk were considered as right-censored for the first oestrus event while cows 
that were not pregnant by 6 weeks before date of death or date of culling or 6 weeks 
before the last data entry date in the dataset were censored for the conception event. 
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RESULTS 
Only cows that had at least one recorded oestrus or insemination event were included in 
the analyses (n = 798). We excluded the cows that had no records after calving as they 
either had died or were culled from the herd during the very early stages of lactation. 
We speculated that inclusion of cows with at least one oestrus or insemination event 
caused minimal selection bias. 
Descriptive analyses 
Descriptive statistics of the continuous outcome variables are presented in Table 2. For 
binary outcome variables, in 49% (n = 391) and 36% (n = 247) of lactations, cows were 
inseminated by 80 days in milk and were pregnant by 100 days in milk, respectively, 
while in 50% (n = 399) of lactations, cows conceived to the first insemination. Among 
the 798 lactations investigated, cows had a positive pregnancy diagnosis for 86% (n = 
686) of lactations, and these lactations were used to analyse conception at first 
insemination, interval from calving to conception and number of inseminations per 
conception. 
Interval from calving to first oestrus 
Among the 798 lactations investigated, for 38% (n = 305) of lactations, the cow had at 
least one oestrus event by 49 days in milk. Of the 15 variables listed in Table 1, six 
(year, season of calving, parity, 100-days milk yield, 100-days milking frequency and 
retained foetal membrane) were shortlisted after univariable survival analyses (P < 0.25) 
and were tested by multivariable survival analyses. Year and parity were significant (P < 
0.05) in the final model. 
In the final model, 100-days milking frequency was not associated with the interval 
from calving to first oestrus event; however, cows with milking frequencies ≥2.3 
times/day had a greater likelihood of being observed in oestrus by 49 days in milk than 
cows with lower milking frequencies (Table 3). The relative likelihood of recording the 
first oestrus event by 49 days in milk decreased gradually with the year of automatic 
milking system operation, with cows in year 5 being less (HR 0.32; P < 0.001) likely to 
be observed in oestrus by 49 days in milk than cows in year 1. In addition, primiparous 
cows had a lower rate of coming into oestrus than did their multiparous herd mates. 
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When the final model was fitted after excluding 100-days milking frequency, no 
significant association was observed between 100-days milk yield and the interval from 
calving to first oestrus. The final model was also fitted after excluding 100-days milk 
yield but no significant association was observed between 100-days milking frequency 
and the interval from calving to first oestrus. 
 
Table 2. Descriptive statistics of continuous production and outcome variables for 798 
lactations from 365 cows in a pasture-based, automatic milking system research herd 
from May 2006 to April 2011. 
Variables Mean SD Median Q1 Q3 
100-days milk yield, kg 2491 706.6 2523 1959 3049 
100-days milking frequency 1.9 0.5 1.9 1.6 2.2 
100-days milk fat percent 3.7 0.6 3.7 3.3 4.0 
100-days milk protein percent 3.0 0.3 3.0 2.9 3.2 
Estimated 305-days milk yield, kg 6093 1706 6200 4922 7281 
Interval from calving to first oestrus, d - - 57 40 175 
Interval from calving to first  
insemination, d 
87 33 79 61 200 
Interval from calving to conception, d - - 112 76 298 
Number of inseminations per 
conception 
1.9 1.2 1.0 1 6 
Q1, lower quartile; Q3, upper quartile. In 38% (n = 305) of lactations, cows were 
recorded for at least one oestrus event by 49 days in milk and their data were used for 
the analyses of the interval calving–first oestrus. In 86% (n = 686) of lactations, cows 
had a positive pregnancy diagnosis and were used for the analyses of the interval 
calving–conception and number of inseminations per conception. For other variables, 
798 lactations were used for descriptive statistics 
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Table 3. Factors affecting the interval from calving to first oestrus in dairy cows in a 
pasture-based, automatic milking system research herd based on Cox’s proportional 
regression model analyses. 
Predictor variables Class HR 95% CI for 
HR 
P-value 
Year Year 1 1.00 – <0.001 
Year 2 1.28 0.9–1.8 
Year 3 0.87 0.6–1.3 
Year 4 0.55 0.4–0.8 
Year 5 0.32 0.2–0.5 
Parity 1 1.00 – 0.045 
2 1.24 0.8–2.0 
3 1.62 1.0–2.6 
4 1.40 0.8–2.4 
5 2.21 1.3–3.7 
≥6 1.22 0.7–2.0 
100-days milking 
frequency 
≤1.5 1.00 – 0.120 
1.6–1.9 1.56 1.1–2.3 
2.0–2.2 1.43 0.9–2.2 
≥2.3 1.62 1.0–2.5 
100-days milk yield 
(kg) 
≤1950 1.00 – 0.800 
1950–2521 0.86 0.6–1.3 
2522–3044 0.92 0.6–1.5 
>3044 0.81 0.5–1.3 
Covariates in the final model included season of calving. Results are presented as hazard 
ratio (HR), confidence interval (CI) and probability values. The HR is the ratio of the 
hazard rates corresponding to the event (e.g. oestrus) described by different levels of an 
explanatory variable, e.g. if a cow has a hazard ratio of 1.28 (Year 2), then she has a 
28% increased likelihood of recorded oestrus compared with a cow in Year 1; the class 
where HR = 1 is the reference category 
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Interval from calving to first insemination 
First insemination event was recorded for all of the lactations examined in this study. Of 
the 15 predictor variables (listed in Table 1) tested, 10 (year, season of calving, parity, 
season of first insemination, 100-days milking frequency, 100-days protein percentage, 
breed, retained foetal membrane, 100-days milk yield and assisted calving) were 
shortlisted after univariable linear regression analyses (P < 0.25) and were further tested 
by multivariable linear regression analyses. Season of calving and season of first 
insemination presented a significant (P < 0.05) effect on interval from calving to first 
insemination; however, no significant effect (P = 0.09) of their interaction was noted. 
No significant association was observed between time to first insemination and milking 
frequency or milk yield during the first 100 days of lactation (Table 4). Interval from 
calving to first oestrus was significantly (P < 0.001) associated with the interval from 
calving to first insemination (Table 4). Cows that calved during autumn had the shortest 
(69 days) average interval from calving to first insemination (Table 4). The final model 
was fitted after excluding 100-day milking frequency, but no significant association (P = 
0.84) was observed between 100-days milk yield and the interval from calving to first 
insemination. The final model was also fitted after excluding 100-days milk yield; 
however, no significant association was observed in cows between 100-days milking 
frequency and the interval from calving to first insemination. 
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Table 4. Factors affecting the interval (days) from calving to first insemination in dairy cows in a pasture-based, automatic milking system research herd 
based on linear mixed model analyses. 
Step Predictor variables Class n Ratios of GM  
(95% CI) 
LSM s.e.m. 95% CI  
for LSM 
P-value 
1 Interval calving–first oestrus 
(days) 
Continuous – – 0.0063A 0.0004B 0.006–0.007 <0.001 
2 Season of calving Summer 150 – 88.1a 3.0 82.3–94.2 <0.001 
Autumn 169 0.8 (0.7–0.8) 68.7b 2.1 64.7–73.1 
Spring 101 1.0 (0.9–1.1) 83.1a 3.0 77.4–89.3 
Winter 132 1.0 (0.9–1.1) 83.4a 3.0 77.7–89.5 
3 Season of insemination Summer 90 – 76.3b 3.0 70.6–82.4 0.001 
Autumn 207 1.1 (1.0–1.2) 80.7b 2.3 76.3–85.3 
Spring 129 1.0 (0.9–1.1) 74.9b 2.8 69.6–80.6 
Winter 126 1.2 (1.1–1.4) 91.1a 3.1 85.2–97.4 
4 100-days milking frequency ≤1.5 136 – 80.6 2.3 76.3–85.1 0.600 
1.6–1.9 159 1.0 (0.9–1.1) 80.6 1.9 75.9–85.4 
2.0–2.2 139 1.0 (1.0–1.1) 82.5 2.2 78.3–86.9 
≥2.3 118 1.0 (0.9–1.1) 79.4 2.5 74.6–84.4 
5 100-days milk yield (kg) ≤1950 147 – 79.2 2.5 74.4–84.4 0.800 
1950–2521 139 1.0 (0.9–1.1) 79.8 2.2 75.7–84.2 
2522–3044 133 1.0 (1.0–1.1) 80.7 2.1 76.6–84.9 
>3044 138 1.1 (1.0–1.2) 82.3 2.3 77.9–86.9 
Covariates in the final model included parity. Results are presented as ratio of geometric means, least-squares means (LSM), standard error of 
mean (s.e.m.), confidence interval (CI) and probability values. Ratios of geometric means (GM) were obtained by exponentiation of the 
regression coefficients. Step refers to the step at which each variable was entered in the statistical model. Within a column and step, means 
followed by different letters are significantly different (P ≤ 0.05).  AEstimate.  BStandard error. 
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Interval from calving to conception 
Among the 798 lactations investigated, cows had a positive pregnancy diagnosis for 
86% (n = 686) of lactations. Of the 15 predictor variables (Table 1) tested by univariable 
analysis, seven (twin, assisted calving, interval from calving to first oestrus, calving 
season, retained foetal membrane, milk fever and 100-days milk protein percentage) 
were shortlisted after univariable analyses (P < 0.25) and were further tested by 
multivariable survival analyses. Interval from calving to first oestrus and season of 
calving were significant (P < 0.05) in the final model. 
No significant association was observed between time to conception and milking 
frequency or milk yield during the first 100 days of lactation (Table 5). Season of 
calving played a significant role in influencing the likelihood of conception. 
Conceptions occurred at a 43% greater rate in autumn than in summer, at any point in 
time (P < 0.05). For each additional day between calving and first oestrus, the rate of 
conception reduced by 1%. The final model was refitted after including all of the 
significant predictors and excluding 100-days milking frequency. No significant 
association (P = 0.71) was noted between 100-days milk yield and the interval from 
calving to conception. The final model was also fitted after excluding 100-days milk 
yield; however, no significant association was observed. 
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Table 5. Factors affecting the interval from calving to conception in dairy cows in a 
pasture-based, automatic milking system research herd based on Cox’s proportional 
regression model analyses. 
Predictor variables Class HR 95% CI for HR P-value 
Interval calving–first oestrus 
(days) 
Continuous 0.99 0.991–0.996 <0.001 
Season of calving Summer 1.00 – 0.003 
Autumn 1.43 1.2–1.8 
Spring 1.11 0.9–1.4 
Winter 1.00 0.8–1.3 
100-days milking frequency ≤1.5 1.00 – 0.640 
1.6–1.9 0.95 0.8–1.2 
2.0–2.2 0.85 0.6–1.1 
≥2.3 0.91 0.7–1.2 
100-days milk yield (kg) ≤1950 1.00 – 0.650 
1950–2521 1.19 0.9–1.6 
2522–3044 1.13 0.8–1.6 
>3044 1.16 0.8–1.7 
Covariates in the final model included parity. Results are presented as hazard ratio (HR), 
confidence interval (CI) and probability values. The HR is the ratio of the hazard rates 
corresponding to the event (e.g. conception) described by different levels of an 
explanatory variable, e.g. if a cow has a hazard ratio of 1.43 (calving season: autumn), 
then she had a 43% increased likelihood of conception compared with a cow calved in 
summer; the class where HR = 1 is the reference category 
 
Number of inseminations per conception 
Among the 798 lactations investigated, 686 (86%) of ‘cow lactations’ had a positive 
pregnancy diagnosis, and the dataset of those cows was used for analysis of number of 
inseminations per conception. 
Of the 15 predictor variables (Table 1) initially tested by Poisson regression, seven 
(season of conception, twin, year, 100-days milk yield, retained foetal membrane, parity 
and milk fever) were shortlisted after univariable analyses (P < 0.25) and were further 
tested by multivariable analysis. Season of conception and twin birth (P < 0.05) but not 
their interaction had a significant effect (P = 0.60) on the number of inseminations per 
conception. 
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Milking frequency or milk yield during 100 days in milk was not significantly 
associated with number of inseminations per conception (Table 6). Cows that were 
inseminated during autumn required significantly less (P < 0.05) inseminations per 
conception than cows that were inseminated during other seasons. Cows that gave birth 
to twins required more (P < 0.05) inseminations per conception than cows that gave 
birth to a singleton (Table 6). No significant association was noted between 100-days 
milk yield and number of inseminations per conception after excluding 100-days 
milking frequency before fitting the final model. The final model was also fitted after 
excluding 100-days milk yield; however, no significant association was observed in 
cows between 100-days milking frequency and the number of inseminations per 
conception. 
Probability of submission for insemination by 80 days in milk 
Initially predictor variables (listed in Table 1, except the interval from calving to first 
oestrus) were tested in univariable analyses, and of these, eight variables (season of 
calving, year, parity, season of insemination, 100-days milk yield, assisted calving, 100-
days milking frequency and breed) significant at P < 0.25 were tested by multivariable 
survival analyses. Two variables (season of calving and season of first insemination) 
were significant (P < 0.05) but the interaction of these two variables was not significant 
(P = 0.99). 
Neither 100-days milk yield nor milking frequency was significantly associated with the 
probability of submission for insemination by 80 days in milk (Table 7). Cows that 
calved and were inseminated during autumn were more likely (odds ratio 5.59 and 1.81, 
respectively) to be inseminated by 80 days in milk than those that calved or were 
inseminated in summer (Table 7). No significant association (P = 0.49) was observed 
between 100-days milk yield and probability of submission for insemination by 80 days 
in milk. The final model was also fitted after excluding 100-days milk yield; however, 
no significant association (P = 0.33) was observed. 
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Table 6. Factors affecting the number of inseminations per conception in dairy cows in a pasture-based automatic milking system research herd 
based on Poisson regression analyses. 
Step Predictor 
variables 
Class n Ratios of counts 
(95% CI) 
LSM s.e.m. 95% CI 
for LSM 
P-value 
1 Season of 
conception 
Summer 86 – 2.5b 0.3 2.0–3.0 0.006 
Autumn 187 0.8 (0.6–0.9) 1.9a 0.2 1.6–2.2 
Spring 149 0.9 (0.8–1.1) 2.3b 0.2 1.9–2.7 
Winter 211 1.0 (0.8–1.2) 2.4b 0.2 2.0–2.8 
2 Twin Yes 22 1.4 (1.0–1.8) 2.6 0.3 2.0–3.4 0.028 
No 611 – 1.9 0.1 1.8–2.0 
3 100-days 
milk yield 
(kg) 
≤1950 154 – 2.2 0.2 1.8–2.6 0.059 
1950–2521 160 1.0 (0.8–1.1) 2.1 0.2 1.7–2.5 
2522–3044 163 1.2 (1.0–1.4) 2.5 0.2 2.1–3.0 
>3044 156 1.0 (0.8–1.3) 2.2 0.2 1.8–2.6 
4 100-days 
milking 
frequency 
≤1.5 144 – 2.2 0.2 1.8–2.6 0.700 
1.6–1.9 185 1.1 (0.9–1.3) 2.3 0.2 2.0–2.7 
2.0–2.2 162 1.0 (0.9–1.3) 2.3 0.2 1.9–2.7 
≥2.3 142 1.0 (0.8–1.2) 2.1 0.2 1.7–2.6 
Covariates in the final model included parity, season of calving. Results are presented as the ratio of counts, least-squares means (LSM), 
standard error of mean (s.e.m.), confidence interval (CI) and probability values. Ratios were obtained by exponentiation of the regression 
coefficients. Step refers to the step at which each variable was entered in the statistical model. Within a column and step, means followed by 
different letters are significantly different (P ≤ 0.05) 
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Table 7. Factors affecting submission by 80 days in milk in dairy cows in a pasture-
based, automatic milking system research herd based on logistic mixed model analyses. 
Step Predictor variables Class n OR 95% CI 
for OR 
P-value 
1 Season of calving Summer 171 1.00 – <0.001 
Autumn 198 5.59 3.1–10.1  
Spring 114 1.75 0.9–3.6  
Winter 151 2.48 1.1–5.4  
2 Season of first 
insemination 
Summer 97 1.00 – 0.001 
Autumn 240 1.81 0.9–3.8  
Spring 160 0.93 0.5–1.9  
Winter 137 0.45 0.2–1.0  
No 609 2.98 1.1–8.0  
3 100-days milk yield (kg) ≤1950 155 1.00 – 0.440 
1950–2521 160 0.84 0.5–1.5  
2522–3044 163 1.16 0.6–2.1  
>3044 156 0.79 0.4–1.6  
4 100-days milking 
frequency 
≤1.5 144 1.00 – 0.330 
1.6–1.9 185 1.46 0.9–2.5  
2.0–2.2 162 0.99 0.6–1.8  
≥2.3 143 1.25 0.7–2.4  
Covariates in the final model included parity. Results are presented as the odds ratio 
(OR), confidence interval (CI) and probability values. Step refers to the step at which 
each variable was entered in the statistical model. The class where OR = 1 is the 
reference category 
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Probability of conception by 100 days in milk 
Of the 15 predictor variables (Table 1, except the interval from calving to first oestrus) 
tested by univariable analyses, eight (year, season of calving, season of conception, 
season of insemination, parity, twin, retained foetal membrane and milk fever) were 
shortlisted after univariable logistic regression analyses (P < 0.25) and were tested by 
multivariable analyses. Year and season of calving had a significant (P < 0.05) effect on 
the probability of conception by 100 days in milk. Year and season of calving were 
tested for the interactions but no significant (P < 0.22) interaction was observed. 
No significant association was observed between the probability of conception by 100 
days in milk and milking frequency or milk yield during 100 days in milk (Table 8). 
Probability of conception by 100 days in milk decreased gradually with the time of 
automatic milking system operation (P < 0.05). Compared with the summer calving 
season, calving in autumn increased (odds ratio 2.15) the likelihood of a cow being in 
calf by 100 days in milk (Table 8). The final model was fitted after excluding 100-days 
milking frequency; however, no significant association was noted between 100-days 
milk yield and conception by 100 days in milk. The final model was also fitted after 
excluding 100-days milk yield; however, no significant association was observed for 
cows in different quartiles of 100-days milking frequency and conception by 100 days in 
milk. 
Neither milk yield nor milking frequency from calving to 100 days in milk was 
significantly associated with the probability of conception at first insemination. The 
outcome of the univariable analysis indicated that year of automatic milking system 
commissioning, parity and retained foetal membrane were significant at P < 0.25; 
however, no significant association of these variables was noted with the probability of 
conception at first insemination. 
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Table 8. Factors affecting conception by 100 days in milk in dairy cows in a pasture-
based automatic milking system research herd based on logistic mixed model analyses. 
Step Predictor variables Class n OR 95% CI 
for OR 
P-value 
1 Year Year 1 117 1.00 – 0.001 
Year 2 122 0.72 0.4–1.3 
Year 3 109 0.63 0.4–1.1 
Year 4 131 0.33 0.2–0.6 
Year 5 155 0.41 0.2–0.7 
2 Season of calving Summer 171 1.00 – 0.005 
Autumn 198 2.15 1.4–3.4 
Spring 114 1.05 1.6–1.8 
Winter 151 1.40 0.8–2.3 
3 100-days milking 
frequency 
≤1.5 144 1.00 – 0.180 
1.6–1.9 185 1.15 0.7–1.9 
2.0–2.2 162 0.92 0.5–1.6 
≥2.3 143 1.61 0.8–3.0 
4 100-days milk yield 
(kg) 
≤1950 155 1.00 – 0.670 
1950–2521 160 0.84 0.5–1.4 
2522–3044 163 0.73 0.4–1.3 
>3044 156 0.67 0.3–1.3 
Covariates in the final model included parity. Results are presented as the odds ratio 
(OR), confidence interval and probability values. Step refers to the step at which each 
variable was entered in the statistical model. The class where OR = 1 is the reference 
category 
 
 
DISCUSSION 
Descriptive statistics 
The average intervals from calving to first insemination and calving to conception in our 
study (87 and 128 days, respectively) are longer than the findings of other Australian 
researchers, who reported corresponding intervals of 76 and 101 days (Stevenson and 
Lean 1998) and 83 and 118 days (Moss et al. 2002), respectively. In the current study, 
submission for insemination by 80 days in milk and conception rate by 100 days in milk 
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(36% and 49%, respectively) were lower than the industry benchmarks (58% and 73%, 
respectively; InCalf 2007). Morton (2004) analysed the data of Australian dairy herds 
during 1996 and 1997 and reported a 66% submission rate for insemination by 80 days 
in milk and a 53% pregnancy rate by 100 days in milk. However, the declining trend of 
reproductive performance during the last 10 years (Morton 2011) supports and could 
explain, at least in part, the relative reduction of the reproductive outcomes in the 
current study. 
Milking frequency 
No significant influence of 100-day milking frequency on reproductive measures was 
observed in this study; however, the probability of first oestrus being recorded by 49 
days in milk (P = 0.13) and conception by 100 days in milk (P = 0.18) tended to be 
highest for cows milked at least 2.3 times/day, on average, compared with cows milked 
<1.5 times/day. The association between milking frequency during early lactation and 
reproductive outcome is a matter of debate. In a conventional milking system, 
McNamara et al. (2008) observed no association between milking frequency and 
reproductive performance. Increased milking frequency in automatic milking systems 
did not cause a delay in resumption in ovarian cyclicity, nor was it related to an increase 
in interval from calving to conception (Weiss et al. 2004). However, Patton et al. (2006) 
observed a shorter interval from calving to first oestrus for cows milked once a day 
compared with cows milked three times per day. Similarly Blevins et al. (2006) reported 
an increase in days from calving to first oestrus in cows milked four times per day 
compared with cows milked twice per day. It has been reported that cows milking 
themselves in automatic milking systems (regardless of the milking frequency) had an 
increase in the interval from calving to first insemination compared with the cows 
milked in conventional milking systems (Kruip et al. 2002). The low incidence of very 
high milking frequencies in our study may explain the lack of significant effect of 
milking frequency on reproductive performance; indeed, only 1% of cows averaged 
three or more milkings per day during the first 100 days in milk. The fact that higher 
milking frequencies tended to be associated with increased likelihood of first oestrus 
could be explained by the concept that these cows moved around the system voluntarily 
more frequently and may have gained access to more fresh allocations of feed, thereby 
reducing the duration of early-lactation, negative energy balance. It is also possible that 
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cows with higher milking frequencies were inadvertently observed by farm staff more 
frequently, which could have increased the chance of an oestrus event being detected. 
Milk volume and milk solids 
One of the primary objectives of the study was to determine the association between 
reproductive performance and milk yield. Milk yield was not significantly associated 
with any of the reproductive measures evaluated here. While managed in a conventional 
milking system, using the same herd for cows lactating from February 2005 until 
January 2006, Pedernera et al. (2008) also reported a non-significant relationship 
between milk yield and reproductive performance. This finding is consistent with other 
studies indicating a neutral effect of milk production on the interval from calving to 
conception in Holstein cows in the United States (Gröhn and Rajala-Schultz 2000) and 
on sub-fertility in Australian dairy herds (Moss et al. 2002). 
Discrepancies exist in literature explaining the effect of milk yield on fertility. Previous 
studies have reported negative (Mann et al. 2005; Ranasinghe et al. 2010) and positive 
(López-Gatius et al. 2006) effects of milk production on fertility. However, the 
relationship between milk yield and reproductive performance varies at the herd level as 
well as the individual animal level (Löf et al. 2007). For example, Windig et al. (2005) 
reported that herds with high average milk yield had shorter calving–first artificial 
insemination (AI) intervals, but within herds, cows with high production had longer 
calving–first AI intervals. Moreover, several factors such as negative energy balance, 
hormonal concentrations in blood, fertility of sire, accuracy of oestrus detection, and 
insemination technique are interrelated for fertility (Gröhn and Rajala-Schultz 2000; 
Lucy 2001) and obviously healthy cows producing more milk are inseminated sooner 
than are less healthy cows (Gröhn and Rajala-Schultz 2000). Thus, conception and first 
insemination are potentially influenced more by managerial decisions and individual 
animal disease history rather than milk production level per se (Eicker et al. 1996). 
Moreover, the association between milk yield and conception is difficult to interpret due 
to the confounding effect of culling (Gröhn and Rajala-Schultz 2000). Cows that do not 
conceive with repeated inseminations and have low milk yield are more prone to be 
culled (Gröhn and Rajala-Schultz 2000). 
                                        Reproduction in pasture-based automatic milking systems herd 
125 
Whilst there was no consistent trend in the number of inseminations per conception for 
the different milk yield groups, cows with a 100-days milk yield in the range 1950–2521 
kg had the lowest number of inseminations per conception (P = 0.06), whereas cows in 
the next production group (2522–3044 kg milk) had the highest number of 
inseminations per conception. One possible explanation for these differences could be 
the slightly higher (31 vs 27%) incidence of diagnosed mastitis before conception in the 
cows producing milk in the range 2522–3044 kg compared with cows producing milk in 
the range 1950–2521 kg during 100 days in milk. 
Previous studies (Fahey et al. 2003; Haile-Mariam et al. 2003) have shown positive 
effects of milk protein on reproductive performance. Although 100-days milk protein 
percentage was associated with the interval from calving to first oestrus by the 
univariable analyses (data not shown), the final model indicated that neither milk protein 
nor fat percentage was significantly associated with any of the tested reproductive 
measures. 
Time relative to automatic milking system commissioning 
The probability of conception by 100 days in milk decreased gradually with the time of 
automatic milking system commissioning. Although the likelihood of first oestrus 
decreased steadily in relation to year of automatic milking system commissioning, the 
general lack of reported long-term reproductive performance data with automatic 
milking systems makes it challenging to interpret this result. It is possible that this is a 
farm-specific finding that could be explained by reduced culling on reproductive 
performance as the herd size was gradually increased and/or an increased acceptance of 
low-fertility cows as the herd progressively moved away from split calving to year-
round calving. Although the herd was managed as a predominantly split-calving herd 
early in the study period, there were no months recorded when at least one cow was not 
inseminated. Certainly, without the inclusion of data from additional farms, there is no 
ability to conclude that automatic milking systems directly caused the trend. It is also 
possible that the disruption to the herd and farm-staff routines associated with the 
installation and testing of the RR during year 3 to year 5 influenced the effectiveness of 
oestrus detection during these years. 
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Year of automatic milking system commissioning was not associated with any changes 
in either interval from calving to first insemination or the likelihood of conception in the 
current study. However, an earlier study (Dearing et al. 2004) reported increased 
intervals from calving to conception and decreased conception rate during year 1 
compared with the year before an automatic milking system was commissioned under 
research conditions. On the other hand, Löf et al. (2007) found that herds with automatic 
milking systems had shorter duration of calving to first insemination and conception 
compared with herds milked conventionally. 
Season of calving 
Number of days to first insemination was significantly shorter in autumn-calved cows 
than cows calved in other seasons, which is in agreement with data published by 
Hammoud et al. (2010). Those authors explained the positive influence of autumn 
calving on reproductive performance as via optimal environments and availability of 
fresh green pastures through the early lactation period (Hammoud et al. 2010). On the 
other hand, in a large scale retrospective study in Spain (López-Gatius 2003) over a 10-
year period (1991–2000), average pregnancy rates to first AI were 44 and 27% for the 
winter and summer, respectively. This finding was explained by the preservation of 
fertility and reduced risk of reproductive disorders in winter compared to summer. 
Although cows are not typically classified as seasonal breeders, changes in 
photoperiodic stimulation (Dahl et al. 2000) associated with specific times of the year 
provide a potential explanation for such an effect of season on the reproductive 
measures (Santos et al. 2009). Alternatively, increased levels of pasture allocation and 
improved health condition explain (at least in part) such findings. Data relating to 
pasture allocation and daily herd feeding levels were not incorporated into this analysis. 
Twin birth 
Association of twin births with an increase in the number of inseminations required per 
conception in the current study is consistent with other reports (Nielen et al. 1989; 
Bicalho et al. 2007). Those authors reported that cows giving birth to twins were less 
(odds ratio 0.78) likely to conceive and 1.42 times more likely to be culled than dams 
with singleton births. 
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Parity 
In our study, a significant relationship between calving to first oestrus and parity was 
observed. Numerous studies have reported negative (Darwash et al. 1997; Gröhn and 
Rajala-Schultz 2000; Moss et al. 2002), positive (Alawneh et al. 2011) or neutral (Horan 
et al. 2005) effect of parity on reproductive outcomes in conventional milking systems. 
Poorer reproductive performance in primiparous cows than multiparous cows can be 
explained by low pre-calving live weight in heifers (Morton 2004), which may cause 
increased postpartum an-ovulatory interval amongst Friesian heifers (Burke et al. 1995). 
In the present study, parity was included in each final model to avoid any confounding 
effects. It is possible that the effect reported in the present study was influenced by the 
nutritional status of the cows and it is possible that the regularity of access to fresh feed 
was highest for the fourth-parity cows and gradually reduced for both younger and older 
cows. 
Interval from calving to first oestrus 
The time to first insemination was influenced by time to first oestrus, in agreement with 
findings of Galvão et al. (2010) and Dubuc et al. (2012) who reported that cows cycling 
by 49 days in milk had an increased median time to first insemination compared with 
cows that started cycling after 49 days in milk. Abnormal resumption of postpartum 
ovarian cycles, reduced oestrus detection efficiency and decreased oestrus expression 
are all common causes for extended interval from calving to insemination (Muhammad 
et al. 2011). Washburn et al. (2002) reported an increase in interval from calving to first 
insemination (84–100 days), which was attributed to a decline in oestrus detection rate 
(51–42%). 
We noted a significant relationship between increasing interval from calving to first 
oestrus and a reduced number of inseminations per conception on univariable analysis 
(data not presented). However, on multivariable analysis, the association was not 
significant. Previous studies have also reported the positive effect of longer interval to 
first oestrus on probability of pregnancy (Friggens and Labouriau 2010) and a reduction 
of the incidence of repeated inseminations in a conventional milking system (Moss et al. 
2002), in agreement with our findings. Such a relationship could be the result of positive 
effects of an increased number of ovulatory cycles and more cyclic pattern of 
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reproductive hormones preceding insemination resulting inimproved uterine involution 
and other physiological changes associated with improved implantation (Butler and 
Smith 1989; Diskin et al. 2003). In addition, increased requirements for milk production 
during early lactation can lead to a state of negative energy balance which can have 
adverse effects on reproductive performance in dairy cows (Morton, 2004). 
We did not find any significant association (P < 0.05) of the periparturient disorders 
retained foetal membrane, milk fever or stillborn with respect to any outcome variable in 
the final models, despite these being reportedly potential risk factors for reduced 
reproductive performance in other studies (Gröhn and Rajala-Schultz 2000; López-
Gatius et al. 2006). The low incidence of these diseases in the dataset presented here is 
the most likely reason of the lack of significance. 
Among the factors investigated, interval from calving to first oestrus, season of calving, 
year of automatic milking system commissioning and twin birth were the key factors 
influencing reproductive performance in the automatic milking system research herd. 
However, one of the challenges of working with historical data is that often the 
decision-making that sits behind the management is not captured, which creates some 
difficulties with data interpretation. It is likely that the dataset presented here was also 
affected by factors which included (but would not be limited to) shifting from split 
calving to year-round calving gradually during the study period and the targeted increase 
in herd size and associated reduced voluntary culling. 
CONCLUSIONS 
Overall, this study has provided an insight into the factors that have contributed to 
reproductive performance of dairy cows in a pasture-based, automatic milking system 
research farm. At the reported production levels and milking frequencies for Australian 
pastured cows, milk yield and milking frequency during 100 days in milk had no effect 
on reproductive measures. Interval from calving to first oestrus increased gradually 
within the study period and consequently influenced other reproductive outcomes. 
Besides this, season of calving, season of insemination, conception and twin birth all 
affected the reproductive performance in the automatic milking system research herd. 
With these results in mind, reviewing management strategies and initiating operating 
procedures to minimise the identified risk factors would be warranted. Effective oestrus 
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detection was identified as one of the most significant ‘risk’ factors impacting on 
reproductive performance in the dataset investigated here. The evaluation of  new 
technologies is deemed appropriate to enable improved detection of oestrus in 
pasture-based systems which incorporate automatic milking and voluntary cow 
traffic. 
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OVERVIEW OF CHAPTER 3 
In Chapter 2, it was observed that the interval from calving to first oestrus increased 
over time after the commissioning of the AMS operation. Milking occurs largely 
without human intervention with automatic milking systems; therefore, traditional 
oestrus detection methods and/or routines require reconsideration for AMS. The aim of 
this study was to evaluate the potential of a new technology, Infrared Thermography for 
oestrus detection and prediction of time of ovulation in oestrus synchronised dairy cows. 
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ABSTRACT 
The development and application of an algorithm to assess the ability of an infrared 
thermography (IRT) device to predict cows in oestrus and about to ovulate was 
investigated. Twenty cows were synchronized using a controlled internal drug release 
(CIDR) and prostaglandin F2α (PGF2α). Vulval and muzzle temperatures were measured 
every 12 h from CIDR insertion to 32 hours after PGF2α treatment and then every 4 
hours until ovulation occurred or until 128 hours after PGF2α treatment (whichever 
occurred first). Thermal images obtained with a FLIR T620 series infrared camera were 
analysed using ThermaCAM Researcher Professional 2.9 software. Cows were also 
monitored for behavioural signs of oestrus and colour changes of an Estrotect® applied 
to the tail head of each cow 36 hours after PGF2α treatment. Algorithms were developed 
by adjusting body surface temperature of individual animals for ambient temperature 
and humidity during each observation period and were expressed as a deviation from the 
baseline temperature. Of the 20 cows enrolled in this study, 12 (60%) ovulated. An IRT 
oestrus alert was defined using different thresholds (Th; Th = 1°C, 1.25°C, and 1.5°C). 
Sensitivity and specificity to predict oestrus depended upon the chosen threshold level. 
At a threshold Th = 1°C, the highest sensitivity (92%, n = 11) and the lowest specificity 
(29%) and positive predictive value (64%) were observed. Conversely, Th = 1.5°C 
resulted in sensitivity of 75%, specificity of 57%, and positive predictive value of 69%. 
The mean ± standard deviation intervals between onset and end of IRT oestrus alert to 
ovulation were 30.7 ± 8.2 and 13.3 ± 7.7 hours, respectively. Ovulation occurred 24 to 
47 hours after the onset of the IRT oestrus alert for eight out of the 11 ovulated cows 
(73%). Although the sensitivity of the IRT alert was greater than visual observation 
(67%) and Estrotect activation (67%), the specificity and positive predictive value were 
lower than these two aids (i.e. the IRT over-predicted the incidence of ovulation). 
Results presented indicate that, IRT shows some potential as an oestrus detection aid; 
however, further studies investigating the potential to improve the specificity and 
capturing data throughout entire 21-day reproductive cycles would be worthwhile.       
Keywords: infrared thermography, ovulation, oestrus detection, dairy cow. 
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INTRODUCTION 
A variety of methods can be used to aid the detection of cows in oestrus, e.g., visual 
observation, changes in body temperature, changes in vaginal mucus resistance, 
recording of mounting activity (Roelofs et al. 2005b). Different techniques have been 
used to measure changes in body temperature during oestrus (Clapper et al. 1990; 
Mosher et al. 1990; Redden et al. 1993; Kyle et al. 1998; Piccione et al. 2003; Fisher et 
al. 2008), and these have shown to be associated with the surge in luteinizing hormone 
(LH) and ovulation. However, restraining animals to measure the rectal and/or vaginal 
temperatures and using implants within the vaginal cavity to record body temperature 
may cause discomfort and stress to animals that may alter the actual body temperature. 
With the development of non-invasive diagnostic tools, such as infrared technology 
(IRT), it is now possible to measure body surface temperature precisely and with 
minimal discomfort to the cow.   
Infrared thermography is a non-contact technique of thermal visualization through 
which temperatures are monitored and recorded. It has been used in veterinary science 
for lameness (Alsaaod and Büscher 2012) and mastitis (Colak et al. 2008) in dairy cows. 
It has also been reported that IRT can be used to detect changes in vulval temperatures 
between oestrus and di-oestrus sows (Scolari et al. 2011; Sykes et al. 2012). Hellebrand 
et al. (2003) reported that the vulval temperature changes combined with the body 
temperature and thermal imaging technology could be used for oestrus detection. A 
small number of cows were recruited in that study and vulval temperature changes 
reported during oestrus were not evaluated in relation to the hormonal profile 
(Hellebrand et al. 2003). Jones et al. (2005) evaluated thermal imaging technology in 
dairy cows and were able to discriminate first oestrus from di-oestrus after oestrus 
synchrony but not in subsequent cycles. However, no information regarding the housing 
system and methods for differentiating oestrus from di-oestrus groups were reported in 
that study. To the best of our knowledge, there are no studies that have focused on 
improving efficiency of oestrus detection using IRT in dairy cows. 
Fertilization rates in dairy cows are influenced by the interval between insemination and 
ovulation (Roelofs et al. 2005a). Identifying the optimal time to inseminate cows 
relative to the stage of oestrus requires practical methods (Hockey et al. 2010). To 
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achieve optimal herd conception rates and submission rates, oestrus detection should 
have high levels of both sensitivity and specificity to ensure that a high proportion of 
cows are inseminated before an imminent ovulation (Hockey et al. 2010). 
The aim of this study was to evaluate the potential of IRT temperature monitoring for 
oestrus detection and prediction of time of ovulation in dairy cows. 
MATERIALS AND METHODS 
This study was approved by the Animal Ethics Committee (The University of Sydney, 
NSW, Australia, approval number: N00/9-2012/1/5829).  
Animals, experimental design and oestrus synchronization 
Twenty (14 primiparous and 6 multiparous) healthy, lactating, cycling Holstein Friesian 
dairy cows averaging 65 ± 5 days in milk (DIM), and producing 27 ± 6 kg (mean ± SD 
[standard deviation]) of milk per day (during the week before study commencement) 
were enrolled in this study. As oestrous behaviour can be affected by both body 
condition score (BCS) and lameness (Herlihy et al. 2013), all cows were also assessed 
on the day before commencing the study for BCS (Edmonson et al. 1989) and 
locomotion score (Walker et al. 2010) to ensure that all recruited cows had a BCS 
within the range of 2.5 to 4, and a locomotion score between 1 to 2. 
The study was performed during October and November 2012 (Spring) at the University 
of Sydney’s Corstorphine dairy farm, Camden, NSW, Australia. The mean air 
temperature, maximum air temperature and maximum relative humidity during the 
experimental period were 19°C, 33°C and 99%, respectively. To conduct intensive 
measurement during the experimental period, cows were kept in a paddock separate to 
the main milking herd and fed ad libitum lucerne silage plus concentrate (8 kg/cow.day) 
at milking.  
Oestrus was synchronized in all study cows (on the same date) by inserting a controlled 
internal drug release (CIDR; Eazi-Breed®, Pfizer Animal Health Limited, West Ryde, 
NSW, Australia) on Day 0 into the vagina for 7 days. On Day 7, the CIDR was 
removed, and 2 mL (500 µg) of prostaglandin F2α (PGF2α), a synthetic prostaglandin 
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analogue, cloprostenol sodium (Estrumate®, Schering-Plough Animal Health Limited, 
Baulkham Hills, NSW, Australia) was administered to each cow (Figure 1). 
 
 
Figure 1. Schematic diagram of experimental procedure and oestrus synchronization 
protocol. Transrectal ultrasonography was used to assess ovarian structures, and blood 
samples were collected to assess plasma progesterone concentrations. Infrared 
thermography (IRT) was performed to measure the surface temperatures of vulva and 
muzzle. CIDR, controlled internal drug release. 
 
Ultrasound scanning  
The day before commencing the study, cows were subjected to ultrasound scanning 
(Ibex Pro portable ultrasound, E.I. Medical Imaging, Loveland, Co, USA) to confirm the 
presence of follicle(s) and absence of abnormal structures (cysts). Ovarian activity was 
also monitored via transrectal ultrasound scanning three times daily between 48 and 68 
hours after PGF2α treatment and six times daily thereafter until either ovulation or 128 
hours after PGF2α treatment (whichever occurred first; Figure 1). At the first ultrasound 
examination, both ovaries were examined and the ovary containing the largest follicle 
and the size of the follicle was recorded. In each subsequent ultrasound examination, 
only the ovary containing the largest follicle was examined and the size of the follicle 
was recorded. The presence (or absence) and diameter of corpus luteum (CL) was also 
recorded. Time of ovulation was defined as the first scanning session at which the 
dominant follicle had disappeared minus 2 hours.     
Blood sampling, 
IRT photos: 2×/d 
36 hours after
PGF2α treatment
Day 0
Ovulation/128
hours after
PGF2α treatment
CIDR removal
PGF2α treatment
CIDR 
insertion
D 6
Blood sampling, IRT photos: 6×/d  
visual and estrotect: 6×/d
Ultrasound scan:  3×/d until 68 hours after PGF2α treatment  
6×/d from 72 hours after PGF2α treatment 
D 7 D 8 D 12
Baseline Observation period
D 9
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Infrared thermography of vulva and muzzle 
Thermal scanning of cows was performed using an infrared camera (FLIR, 620 series; 
FLIR Systems Co. Ltd., St Leonards, NSW, Australia) twice daily at 0600 hours and 
1400 hours between 24 hours before and 32 hours after PGF2α treatment to establish a 
baseline temperature for each cow. From 36 hours after PGF2α treatment, IRT was 
performed six times daily until ovulation or 128 hours after PGF2α treatment (Figure 1). 
Vulval and muzzle surface temperatures were measured at each IRT scanning session. 
During thermal scanning of the vulva, the tail was held aside and the vulva was gently 
wiped with dry paper towels to remove faecal matter. The camera was mounted on a 
tripod, and thermal imaging was performed from a fixed distance of approximately 1 
meter from the animal. Before each thermal scanning session, the emissivity value was 
set to 0.98 and thermograph resolution was calibrated to ambient temperature and 
humidity as per manufacturer’s recommendation using a solar weather station (Oregon 
Scientific International Ltd., Los Angeles, CA, USA).  
Images were stored in a memory card, and then transferred to a laptop for analysis using 
ThermaCAM Researcher Professional 2.9. The software allowed the user to obtain 
temperature at a specific area on the image and calculated the minimum, maximum, and 
average temperatures and standard deviation for each measuring field. The software 
calculated the standard deviation of each image within a defined shape by considering 
each pixel within the given shape. Maximum IRT temperatures of vulva and muzzle 
were used in the present study. A free hand drawn geometrical polygonal shape covering 
the entire vulva area was used for calculation of temperature of vulval images, whereas 
the muzzle temperature was determined in a square area between the two nostrils 
(Figure 2). Images with standard deviations greater than 1°C (n = 9) and 0.5°C (n = 15) 
were deemed erroneous for vulva and muzzle respectively and were eliminated from the 
dataset for this study. A total of 488 and 482 images of vulva and muzzle, respectively, 
were used in this study.   
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Figure 2. Hand drawn area of vulva (A) and muzzle (B). 
 
Visual observation, Estrotect scoring, and recording of vaginal temperature 
Cows were monitored for behavioural signs of oestrus from 36 hours after PGF2α 
treatment six times daily until either ovulation or 128 hours after PGF2α treatment 
(whichever occurred first; Figure 1). Oestrus was defined according to the method 
published by van Eerdenburg et al. (1996) with slight modifications. During each 
observation period, the assigned score was recorded for each displayed behavioural 
oestrus sign [Table 1 (van Eerdenburg et al. 1996)]. If the sum of the scores exceeded or 
equalled 50 at any observation period, the animal was considered to be in behavioural 
oestrus. Cows observed sniffing or mounting other cows were considered to be 
displaying behavioural oestrus if the visual observation score recorded for them (at that 
observation session) was greater than or equal to 50.  
An Estrotect® (oestrus detection devices, Genetics Australia Co-operative Ltd, Bacchus 
Marsh, VIC, Australia) was applied to the tail head of each cow on Day 7 and monitored 
from 36 hours after PGF2α treatment at each time of IRT. Estrotect was monitored for 
colour change and scored as not activated (no colour change), activated (≥ 75% colour 
change) and inconclusive (< 75% colour change), based on a modification of a 
published protocol (Holman et al. 2011).  
Vaginal temperature was recorded with a digital thermometer (Microlife AG, 9443 
Widnau, SG, Switzerland) at each IRT data capture session. 
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Table 1. Scoring system for visual observation of oestrus behaviour/indicators, adapted 
from van Eerdenburg et al. (1996). 
Behaviour Points 
Mucous vaginal discharge 3 
Flehmen 3 
Restlessness 5 
Being mounted but not standing 10 
Sniffing vagina of other cow 10 
Resting with chin on other cow 15 
Mounting (or attempting) other cows 35 
Mounting head side of other cow 45 
Standing heat 100 
Blood sampling and hormonal analysis 
Blood samples were collected into lithium heparinised (10 mL) vacutainer tubes (BD, 
North Ryde, NSW, Australia) for analysis of plasma progesterone (P4) concentration. 
Blood sampling was conducted according to the following schedule: twice daily from 
Day 6 to 8, six times daily (at 0200, 0600, 1000, 1400, 1800, and 2200 hours) from 36 
hours after PGF2α treatment until confirmation of ovulation or 128 hours after PGF2α 
treatment (Figure 1). Blood samples were stored on ice for up to 1 h before 
centrifugation at 1075g for 15 minutes. Plasma was separated and stored at -20°C until 
being analysed via a hormonal assay.  
Plasma P4 was determined by enzyme-linked immunosorbent assay (ELISA) using 
Progesterone EIA Kit (Cayman Chemical Company, Ann Arbor, MI, USA). The test 
kits were validated in our laboratory (MC Franklin Laboratory, University of Sydney, 
Camden, NSW, Australia). A range of internal standards (from 0.007 to 10 ng/mL) of P4 
was prepared by adding standard solutions of known concentration to P4-free plasma. 
Progesterone-free plasma was obtained by mixing plasma with activated charcoal (10 
mg/mL) overnight. The following day, the charcoal and plasma were separated by 
centrifugation at 1000 g for 15 min. The mean intra-assay and inter-assay coefficients of 
variation were 3.64% and 4.55% respectively. The detection limit of the assay was 0.01 
ng/mL. Cows were considered to have undergone luteal regression when the P4 
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concentration in the sample collected at the time of PGF2α treatment was 1.5 ng/mL or 
greater and less than 1.5 ng/mL in the sample collected 48 hours after PGF2α treatment. 
Algorithm and steps for detection and description of IRT oestrus temperature 
Because of the diurnal variation in ambient temperature and humidity during the 
different observation periods, vulval and muzzle maximum temperatures were adjusted 
as described below.  
Adjustment 1 
Step 1: Fitting linear regression model 
A linear mixed model was fitted to the vulval maximum temperature data using a 
restricted maximum likelihood (REML) procedure with the following form: 
VulvaT = constant  + βA (AmbT – AmbT) + βH (Hum – Hum) + Cow + ε  
where VulvaT, vulval temperature; constant, overall mean vulval temperature; AmbT, 
ambient temperature (covariate); Hum, humidity (covariate); Cow, random effect of cow 
and ε, random error. The terms AmbT and Hum represent the averages of these values, 
i.e., the covariates are expressed as deviations from their means in the model. As there 
was relatively greater variation in vulval temperature during the baseline period than in 
the posttreatment period, separate residual variances were fitted, 2
B  for the baseline, and 
2
P  for the post-treatment period. 
Step 2: Adjustment of vulval temperature using regression coefficient 
Vulval temperatures (of individual cow observations) were adjusted to the mean 
ambient temperature and the mean humidity over the study period as follows: 
VulvaTadj1 = VulvaT - bA (AmbT – AmbT) - bH (Hum – Hum)  
where, bA and bH are the estimated regression coefficients from the REML procedure 
(step 1).   
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Step 3: Deviations from the reference value  
For each observation period, the deviation (VulvaTinc) between the adjusted vulval 
temperature (VulvaTadj1) and constant temperature (from step 1) was calculated as a 
simple difference. 
VulvaTinc = VulvaTadj1 – constant  
Adjustment 2 
Adjustment 1 did not take into account differences in individual cow’s baseline vulval 
temperatures. Some cows may have naturally increased body and/or skin temperatures, 
and hence are at risk of being flagged as entering oestrus when in fact they are not, 
alternatively, those with naturally lower temperatures risk having oestrus events that go 
undetected. The empirical baseline temperature data was used as an adjustment to 
reduce the risk of such occurrences. 
VulvaTadj2 = VulvaTadj1 – VulvaTB  
where VulvaTB is the average of the baseline vulval temperatures for a cow. Muzzle 
temperature was adjusted similarly as described above for vulval temperature. 
Algorithm optimization 
Different thresholds (increase in vulval or muzzle temperature) were set in adjustment 1 
and 2 to determine the oestrus-related increase of IRT temperature. A period when the 
adjusted vulval temperature exceeds the threshold was considered as an indication of an 
oestrus-related increase of temperature and defined as an IRT oestrus alert. An example 
of vulval temperature from an individual cow is shown in Figure 3.  
Definition of onset, end, and duration of increased IRT vulval temperature 
Duration of increased IRT temperature was defined as the time between onset and the 
end of the period of increased temperature. Times of onset and end of increased IRT 
temperature were defined respectively as the start times of the first and the last of each 
4-hour period, where temperature was increased. Different thresholds were used to 
define oestrus-related increases in temperature using adjustment 1 and 2. In adjustment 
1, three thresholds (≥1.0, 1.2, and 1.4°C) were imposed, and an oestrus event was 
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considered when temperature increased from the baseline temperature (by the relevant 
threshold) for three consecutive 4-hour periods. In adjustment 2 the thresholds were set 
as 1, 1.25, and 1.50 SD above the baseline temperature. The SD was taken as the 
estimated residual standard deviation during the post treatment period ( ˆP ). 
Definition of true positive, true negative, false positive and false negative increased 
IRT temperature 
Ovulated cows with or without increased vulval temperature (at different thresholds) for 
three consecutive 4-hour periods from 36 hours after PGF2α treatment were considered 
as true positive and false negative (FN) respectively. An-ovulated cows with or without 
increased temperature for three consecutive 4-hour periods on 36 hours after PGF2α 
treatment were considered as false positive (FP) and true negative (TN), respectively. 
Calculation of sensitivity, specificity and positive predictive value 
Sensitivity was defined as the proportion of ovulatory periods in which at least one IRT 
oestrus alert occurred (as defined by the binary classification earlier), and was calculated 
by the formula, TP/(TP+FN). Specificity was defined as the proportion of an-ovulated 
cows in which no oestrus alert occurred and was calculated by the formula, 
TN/(TN+FP). Positive predictive value was calculated by dividing the number of 
ovulated cows that had at least one IRT oestrus alert by the sum of the number of 
ovulated and an ovulated cows with at least one IRT oestrus alert (TP+FP). 
Sensitivity, specificity and positive predictive value of other oestrus detection aids 
(binary classification based on visual observation, Estrotect, and vaginal temperature, as 
defined earlier) were calculated using the same method described for calculating those 
for IRT oestrus alert. 
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Figure 3. Raw maximum IRT vulval temperature of an individual cow in relation to 
time to ovulaton. A) Unadjusted data; B) adjusted for ambient temperature and humidity 
(Vulval temp.adj1, grey bars); C) adjusted as in (B) plus baseline temperature (vulval 
temp.adj2, black bars). Th denotes threshold. IRT, infrared thermography. 
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Statistical analysis of adjusted temperature data and duration data 
Statistical analyses were performed using GENSTAT 14th Edition (VSN International, 
Hertfordshire, UK). The variations of adjusted vulval (VulvaTadj2) and muzzle 
(MuzzleTadj2) temperatures in relation to time of ovulation were analysed by fitting the 
following linear mixed model to the data: 
T௔ௗ௝ଶ = constant  + Time + βଵ(Parity – Parity)+ βଶ(ADMY – ADMY) + Cow + ε  
where Tadj2 is either the vulval or muzzle adjusted temperature; Time is the time to 
ovulation (-84, -72, …, 0 hours) as a fixed effect factor; Parity and the average daily 
milk yield (ADMY) were fixed effect covariates in the model; and cow is the cow 
identification number as a random factor in the model. All means are presented as 
model-based mean ± SD. Note that in the subsequent text, any reference to temperature 
(muzzle or vulval) will be assumed to be the adjusted temperatures. Data on duration of 
IRT oestrus alert and the intervals between IRT oestrus and time to ovulation were 
calculated in Excel (Office 2007, Microsoft Corp., Redmond, WA, USA). A series of 
separate linear mixed models was fitted to each of these oestrus intensity duration and 
time interval variables, specifying fixed effects of parity (1 or > 1, factor), BCS (1-5, 
factor), milk yield (kg, covariate), and locomotion score (1-3, covariate), and with cow 
being a random effect in each of these models. Each explanatory variable (factor or 
covariate) was evaluated by univariable analyses using REML.     
RESULTS 
Of the 20 cows enrolled in this study, 12 ovulated, seven did not ovulate and one cow 
developed cystic ovarian disease. Data from the cystic cow were excluded from the 
analyses.  
Maximum muzzle, vulval temperature, and P4 concentration in relation to time to 
ovulation 
Maximum IRT temperature of muzzle and vulva differed significantly (P < 0.05) in 
relation to time to ovulation (Figure 4). The maximum vulval and muzzle temperatures 
were observed 24 and 72 hours before ovulation, respectively, while the lowest of those 
temperatures were observed 48 hours before ovulation. Muzzle and vulval temperatures 
Chapter 3 
152 
measured 72 hours before ovulation decreased significantly (P < 0.05) at 48 hours 
before ovulation. An increase in maximum vulval temperature was observed 24 hours 
before ovulation followed by a decrease at the time of ovulation (P < 0.05). However, 
muzzle temperatures were relatively steady during the last 24 hours before ovulation 
(Figure 4).  
A significant (P < 0.05) association was observed between the plasma P4 concentrations 
and time to ovulation (Figure 4). The highest plasma P4 concentration was observed 72 
hours before ovulation, with a significant decrease (P < 0.05) measured 48 hours before 
ovulation. No significant differences were observed in P4 concentrations during the last 
48 hours before ovulation (Figure 4). 
 
Figure 4. Maximum IRT muzzle (■) temperatures, vulval (▲) temperatures and P4 (--) 
concentration in relation to time to ovulation. The values at 4-hour intervals were pooled 
for every 12 hours. For each parameter, different letters indicate significant differences 
between time points (P < 0.05). IRT, Infrared thermography; P4, progesterone. 
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Sensitivity, specificity and positive predictive value of different methods of defining 
IRT oestrus alert 
The algorithms developed for vulval temperatures resulted in greater sensitivity and 
specificity compared to those for muzzle temperatures. Among the 12 ovulated cows, 
83% (10/12) and 92% (11/12) cows were detected by IRT vulval temperature using 
adjustment 1 and 2, respectively. However, sensitivity and specificity depended on the 
different thresholds of temperature rise used to define the occurrence of an oestrus alert. 
In adjustment 1, the threshold 1°C rise resulted in the highest sensitivity, percentage of 
true IRT oestrus alert (83%), but the lowest specificity (43%; Table 2). Conversely, 
threshold 1.4°C rise resulted in the lowest sensitivity (58%) and highest specificity 
(57%). When adjustment 2 was implemented, the threshold of 1 SD resulted in the 
highest sensitivity (92%) and lowest specificity (29%) for oestrus alerts. However, both 
1.25 and 1.5 SD thresholds resulted in similar sensitivity (75%) and positive predictive 
value (69%) although the 1.5 SD threshold detected more TN cows compared to the 
1.25 SD threshold (Table 2).   
 
Relationship of IRT vulval temperature with Estrotect scoring, visual oestrus, and 
vaginal temperature  
Of the 12 ovulated cows, 67% (8/12) were detected by visual behavioural observation 
and Estrotect scoring. Visual observation resulted in 67% sensitivity, 86% specificity 
and 89% positive predictive value (Table 2). In contrast, Estrotect resulted in 67% 
sensitivity and 100% specificity. Of the eight cows recorded for visual signs of oestrus 
followed by ovulation, 25% (2/8) and 13% (1/8) cows were not detected by IRT vulval 
temperature adjustment 1 and 2, respectively with any of the thresholds. Vulval 
temperature of those cows either did not increase for three consecutive periods or the 
increased temperature was lower than the minimum threshold levels. That is, while there 
was an increase in vulval temperature, the magnitude and/or duration was too small to 
generate an IRT oestrus alert. Vaginal temperature was significantly (P < 0.001) 
correlated with IRT vulval and muzzle temperature (r = 0.68 and 0.67 respectively). 
Different thresholds and adjustments of vaginal temperature resulted in different 
sensitivities and specificities (Table 2).  
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Table 2. Summary of sensitivity and specificity of maximum IRT vulval temperature, 
vaginal temperature, Estrotect and behavioural oestrus for detecting cows that are about 
to ovulate using two adjustments and different thresholds.* 
Measure to detect cows about to 
ovulate 
Sensitivity 
(%) 
Specificity 
(%) 
Positive predictive 
value (%) 
IRT vulval maximum temperature, Adjustment 1 
1.0°C 83 ± 11 43 ± 14 71 ±13 
1.2°C 67 ± 14 57 ± 14 73 ±13 
1.4°C 58 ± 14 57 ± 14 63 ±14 
IRT vulval maximum temperature, Adjustment 2 
1.00 SD 92 ± 8 29 ± 13 64 ± 14 
1.25 SD 75 ± 13 29 ± 13 69 ± 13 
1.5 SD 75 ± 13 57 ± 14 69 ± 13 
IRT muzzle maximum temperature, Adjustment 1 
1.0°C 75 ± 13 0 56 ± 14 
1.2°C 58 ± 14 14 ± 14 54 ± 14 
1.4°C 50 ± 14 14 ± 14 50 ± 14 
IRT muzzle maximum temperature, Adjustment 2 
1.00 SD 75 ± 13 0 56 ± 14 
1.25 SD 58 ± 14 0 50 ± 14 
1.5 SD 58 ± 14 14 ± 10 54 ± 13 
Vaginal temperature, Adjustment 1   
0.3°C 83 ± 11 14 ± 10 63 ± 14 
0.5°C 58 ± 14 29 ± 13 58 ± 14 
1.0°C 33 ± 14 86 ± 10 80 ± 12 
Vaginal temperature, Adjustment 2   
0.3°C 92 ± 8 14 ± 10 65 ± 14 
0.5°C 58 ± 14 29 ± 13 58 ± 14 
1.0°C 33 ± 14 86 ± 10 80 ± 12 
Estrotect 67 ± 14 100 ± 0 100 ± 0 
Behavioural oestrus 67 ± 14 86 ± 10 89 ± 9 
Estrotect + behavioural oestrus 83 ± 11 86 ± 10 91 ± 8 
IRT + Estrotect + behavioural 
oestrus 
100 ± 0 29 ± 13 71 ± 13 
*Number of ovulated cows = 12. Vaginal temperatures were adjusted according to the 
protocol followed during adjusting IRT temperature. IRT, infrared thermography; SD, 
standard deviation. Measures are expressed as percentages. 
 
Interval between onset and end of increased vulval temperature and time of ovulation 
Of the 12 cows that ovulated, 73% and 27% of cows were observed in IRT oestrus alert 
48 and 72 hours, respectively, after the PGF2α treatment. Ovulation occurred in 33%, 
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42%, and 25% of cows 72, 96 and 120 hours after PGF2α treatment, respectively. 
Among the 12 ovulated cows, one cow was not detected by IRT and her data was not 
used to calculate the onset and end of ovulation. The intervals between PGF2α treatment, 
the onset, end of IRT oestrus and ovulation are presented in Table 3. Infrared 
thermography-detected oestrus events started 49 ± 11 h (range: 36-72 hours) and ended 
63 ± 10 h (range: 52-80 hours) after PGF2α treatment. Ovulation occurred 24 to 47 hours 
after the onset of the IRT oestrus alert in 73% (8/11) of cows. Forty five percent (5/11) 
of ovulations occurred within the 12- hour period between 12 to 23 hours after the end 
of IRT oestrus. 
 
Table 3. Intervals from PGF2α treatment to onset and end of IRT oestrus, duration of 
IRT oestrus, luteolysis to ovulation, onset and end of IRT oestrus to ovulation.* 
Intervals (h) Mean  ± SD Minimum Maximum Q1 Q3 
Induction of luteolysis to onset 
of IRT oestrus alert 
49.0 ± 11.3 36 72 42 52 
Induction of luteolysis to end 
of IRT oestrus alert 
62.6 ± 10.2 52 80 56 70 
Induction of luteolysis to 
ovulation 
87.3 ± 19.1 72 124 24 40 
Start of IRT oestrus to 
ovulation 
30.7 ± 8.2 16 60 24 40 
End of IRT oestrus to ovulation 13.3 ± 7.7 4 64 12 28 
Duration of IRT oestrus 12.8 ± 7.0 8 24 8 16 
*Times of onset and end of IRT oestrus were defined as the start times of first and last of 
each sequence of 4-hour periods, respectively (at least three consecutive periods) where 
temperature increased 1.00 SD in adjustment 2. IRT, infrared thermography; SD, 
standard deviation. 
 
Factors affecting the IRT oestrus duration and time to ovulation 
In the present study, IRT oestrus was significantly (P < 0.05) affected by the cow factors 
body condition score (BCS), parity and locomotion score. Body condition score had 
significant associations with IRT oestrus start (P < 0.05) and end (P < 0.01). Cows with 
a BCS of 2.5 had a longer interval between IRT oestrus alert and hours after PGF2α 
treatment compared with cows with a BCS of 3.0 or more than 3.0. Primiparous cows 
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had longer average (8 hours; P < 0.05) duration of oestrus compared with multiparous 
cows and cows that were scored one for locomotion had longer duration (P < 0.05) of 
oestrus compared to cows that were scored 1.5. Milk yield tended to be related to the 
duration of IRT oestrus. Each 1 kg increase in milk yield was associated with a 0.48 
hours average decrease in oestrus duration (r = 0.57; P = 0.09).   
DISCUSSION 
Infrared thermography enabled the detection of changes in skin temperatures in relation 
to the time of ovulation. The aim of the study was to develop and apply an algorithm to 
detect cows about to ovulate. Algorithms may create the potential to identify true oestrus 
events; although in some cases, IRT also generated FP alerts.  
A significant decrease in muzzle and vulval temperature 48 hours before ovulation 
followed by a sharp rise 24 hours prior to ovulation was noted in the present study. In 
dairy cows, a pre-oestrus decrease of body temperature 24 to 48 hours before an oestrus-
related increase in body temperature is most likely related to the regression of the CL 
(Kyle et al. 1998). The sharp increase in muzzle and vulval temperature 48 to 24 hours 
before ovulation observed in the present study is likely to coincide with the timing of 
oestrus. The significant decrease of vulval temperature noted around ovulation is in 
agreement with the earlier findings of Suthar et al. (2011) and Wrenn et al. (1958). 
The reported time and extent of body temperature rises during oestrus varies 
considerably in the literature. Core body temperature rises of 0.3 °C to 1.1 °C (Kyle et 
al. 1998), 0.9 °C to 1.3 °C (Piccione et al. 2003) and maximum 0.5 °C (Suthar et al. 
2011) during oestrus have been reported with durations of elevated temperatures ranging 
from 7 (Rajamahendran et al. 1989; Redden et al. 1993) to 11 hours (Mosher et al. 
1990). Such discrepancies may be explainable by different housing systems (pen 
housing in the former two studies and tie stall housing in the latter one). Using different 
baseline temperatures [4-day baseline, (Kyle et al. 1998); 5-day preceeding ooestrus, 
(Piccione et al. 2003) or different analytical methods (using five distinct periods to 
monitor and compare body temperature during induced oestrus (Suthar et al. 2011)] to 
calculate oestrus-related increases in temperature would also likely contribute to the 
variability reported among the studies.  
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The cause for changes in vulval temperature may be ascribed to the increased activity at 
the time of oestrus (Walton and King 1986) or because of a central regulation of body 
temperature influenced by GnRH (Kyle et al. 1998). However, housing animals in tie 
stalls with restricted movement (Suthar et al. 2011) also resulted in a significant increase 
in body temperature during oestrus, indicating such changes are more likely to be 
associated with the time of the preovulatory LH surge which preceded ovulation by 24 
hours (Rajamahendran et al. 1989; Mosher et al. 1990; Suthar et al. 2011). 
In the present study, elevated and lowered vaginal temperatures were noted during the 
luteal (72 hours before ovulation) and pre-oestrus (48 hours before ovulation) stages, 
respectively, and may correspond to the high and low levels of plasma P4. Similar 
results have been demonstrated by manually measuring vaginal temperature once daily 
(Lewis and Newman 1984) and using radio telemetry monitoring of temperature 
(Mosher et al. 1990; Redden et al. 1993; Kyle et al. 1998). Although vulval and muzzle 
temperatures increased significantly 1 day before ovulation compared to those 
temperatures at 2 days before ovulation, P4 concentrations did not show significant 
differences between these days. It is possible that the rise in body temperature 
approximately 24 hours before ovulation could have been related to increasing 
oestradiol concentrations (not measured in this study).  
Different thresholds of vulval temperature rise have been used in the present study to 
detect cows in oestrus. Among all the thresholds tested, 1 SD in adjustment 2 had the 
highest ability to detect TP cases. The sensitivity of IRT depended on the threshold 
used, which agrees with previous reports (López-Gatius et al. 2005b; Roelofs et al. 
2005a) whereby pedometers were used with different thresholds to monitor and generate 
alerts around the increase in the number of steps around oestrus. Three oestrus detection 
methods used in this study varied widely in the cost and efficiency. Estrotect, the 
cheapest aid for oestrus detection, had a greater specificity but lower sensitivity 
compared to IRT. In the present study, sensitivity reached 100% when IRT was 
combined with visual observation and Estrotect but resulted in more FP cases. During 
the experimental period, all treatment cows were kept in the same paddock (separate 
from the main milking herd). It is recognized that the increased activity in oestrus cows 
may have influenced the activity of other an-oestrus cows at any one of the monitoring 
session which may have resulted in an increased rate of FP cases of behavioural oestrus. 
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Infrared thermography was performed until either ovulation or 128 hours after PGF2α 
treatment (whichever occurred first). It is possible that some cows may have shown 
oestrus or ovulated after data collection concluded, however, we did not expect that 40% 
of cows would fail to ovulate within the data collection period because a follicle greater 
than 11 mm was present in all cows 24 hours after PGF2α treatment, and all cows had 
luteal regression 48 hours after PGF2α treatment. In the present study, 33% (4/12) of 
ovulated cows did not display behavioural signs of oestrus. These cows might be in 
silent oestrus (i.e. where no expression of oestrus behaviour was observed with an 
ovulation event). It was observed that 31% (5/16 for IRT) or 11% (1/9 for visual 
observation) of cows detected in oestrus did not ovulate within 128 hours after PGF2α 
treatment. This incidence of ovulation failure is considerably greater than the rates of 
6.5% (López-Gatius et al. 2005a) with rates of 12.4% in warm months (> 25°C) and 
3.4% in cool months reported in the literature (López-Gatius et al. 2005a). During the 
experimental period, the mean ambient temperature and temperature humidity index of 
the 5-day period was 23 ± 6°C and 68 ± 7, respectively. Aside from the relatively high 
temperature and temperature humidity index, other physiological factors such as failure 
in the mechanism triggering ovulation (i.e., no LH surge or insufficient LH secretion) or 
a lack of response by the dominant follicle to the LH surge are possible causes for an-
ovulation (Wiltbank et al. 2011).  
In the present study, the observed interval (33.6 ± 12.1 hours) between ovulation and 
onset of IRT oestrus was longer than the interval reported previously by Bloch et al. 
(2006; 28.6 hours) but shorter than the interval reported by Saumande et al. (2005; 38.5 
hours). In these studies, CIDR-PGF2α protocols were used to synchronize oestrus, and 
oestrus was defined when a female would stand to be mounted. Walker et al. (1996) 
stated that the interval from oestrus to ovulation did not differ between natural or 
induced oestrus; therefore, it would be possible to speculate that the synchronization of 
oestrus in the present study had no influence on the oestrus to ovulation interval.  
The intervals of onset of oestrus (ranging between 16 to 60 hours), end of oestrus 
(ranging between 4 to 64 hours) and time of ovulation were variable in the present 
study. However, the wide degree of individual variability observed was in agreement 
with the other studies, in which detection of oestrus was based on behavioural signs or 
activity profiles (Walker et al. 1996; Roelofs et al. 2005a; Valenza et al. 2012). To 
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achieve the greatest conception rates, insemination should take place between 7 and 18 
hours (12-hour window) before ovulation (Trimberger and Davis 1943). Based on these 
intervals, a predictor for the time of ovulation should preferably determine the time of 
ovulation with an accuracy of 12 hours and should be able to predict time of ovulation at 
least 18 hours before ovulation (Roelofs et al. 2005b). 
The mean duration of IRT oestrus (13.6 h) observed in the present study was shorter 
than that reported by Valenza et al. (2012) but longer than the findings of Roelofs et al. 
(2005a) which was 16.1 h and 10.0 hours, respectively. However, use of different 
methods (accelerometer and pedometer respectively) would be expected to create this 
level of discrepancy. Monitoring frequency versus continuous data would also be a 
likely contributing factor.  
Parity, locomotion score and milk yield were associated with the mean duration of IRT 
oestrus. Decreased oestradiol during the follicular phase (Wiltbank et al. 2006) because 
of hepatic steroid metabolism (Sangsritavong et al. 2002) in lactating cows might 
explain the trending relationship between milk yield and duration of oestrus. The overall 
(P = 0.06) shorter duration of oestrus in multiparous cows agrees with the findings of a 
previous study (Roelofs et al. 2005b), but is in contrast with another study reporting no 
effect (Valenza et al. 2012) or observed shorter duration in primiparous cows (Walker et 
al. 1996). Reduced physical movement in cows with a locomotion score of 1.5 
compared to cows with a locomotion score of 1 may contribute to the lower body 
temperature, and hence reduced increase in core surface temperature to be detected by 
IRT, and this may explain the shorter duration of oestrus in the present study. 
Vulval and muzzle temperatures recorded by IRT were seen to have a high level of 
variation both within and between cows. One explanation could be that the device was 
hand held, so the distance to the skin surface would have had a level of error and slight 
vibrations and/or movement of the camera could have influenced the accuracy of the 
measurements (Hoffmann et al. 2013). In addition, any faecal contamination of the 
vulval surface and vulval skin colour could also influence the recorded temperature. A 
high level of variability was noted for IRT muzzle temperatures compared to IRT vulval 
temperatures. This may have been the result of changes of muzzle temperature directly 
caused by drinking from a water trough or as a result of the physiological response of 
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cows to thermo regulate the body temperature through the muzzle (Hoffmann et al. 
2013).  
Vulval temperature recorded by IRT appears to be a promising body region to monitor 
surface temperature changes, however the concept of automating the IRT data capture is 
somewhat challenging with the vulval surface. In particular, the occlusion of the vulva 
by the hanging tail and potential for faecal contamination of the skin surface are likely 
to limit the success of such an application. The head, the eye and the back of the ear 
have all been recently reported to be promising body regions for IRT, because these 
regions are likely to be less challenging for regular data capture (Hoffmann et al. 2013). 
Consequently, different body regions such as eye and back of the ear should be 
evaluated to determine their potential to enhance the specificity and positive predictive 
value of IRT for oestrus detection and prediction of ovulation in dairy cows.  
Environmental conditions such as ambient temperature and relative humidity can affect 
the accuracy of IRT. Discrepancies exist in the literature about the appropriate 
temperature for performing IRT. Love and Linsted (1976) suggested that an ambient 
temperature of approximately 20°C is most appropriate for IRT, whereas in another 
study by Turner et al. (1986), 30°C has been reported to be an acceptable ambient 
temperature for IRT image capture. However, Sykes et al. (2012) observed detectable 
vulval temperature changes between oestrus and di-oestrus groups at ambient 
temperatures below 10°C. Relative humidity changes the components of the atmosphere 
which needs to be taken into account during thermography (Kastberger and Stachl 
2003). At particular wavelengths, certain components of the atmosphere such as vapour 
and carbon dioxide absorb IR radiation (Kastberger and Stachl 2003; Stelletta et al. 
2012). If environmental humidity is not taken into account, the displayed temperature 
may be overestimated (Kastberger and Stachl 2003). Ambient temperature and humidity 
are potential barriers to the sensitivity of the surface temperatures monitored and 
therefore IRT needs to be evaluated in different ambient conditions.    
CONCLUSIONS 
These results presented here indicate that measuring the surface temperature using IRT 
may become a useful tool for detecting oestrus in cows, and provide an indication as to 
when ovulation is likely to occur. A significant reduction of vulval and muzzle 
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temperatures 48 h before ovulation might be related to CL regression, while an increase 
of temperatures 24 h before ovulation coincided with the timing of oestrus. Sensitivity 
and specificity was affected by the threshold and adjustments used in the algorithms 
developed and presented in this manuscript. Of the threshold and algorithms evaluated, 
the 1.0 SD threshold of adjustment 2 resulted in the greatest sensitivity. However, the 
specificities and positive predictive values were lower than desirable. Monitoring 
surface temperatures of other body areas (including the eyes or ears) may prove to be 
more practical on farm than monitoring of the vulva and could be evaluated to enhance 
the specificity and positive predictive value of this technology.  
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OVERVIEW OF CHAPTER 4 
Chapter 4 presents findings from a companion study to Chapter 3. The findings of 
Chapter 3 showed that 40 percent (n = 8) of cows were recorded for an-ovulation after 
oestrus synchronization treatment. This lead us to hypothesise that decreased 
concentrations of reactive oxygen species and increased amounts of antioxidants might 
be associated with the lack of ovulation. It was also hypothesised that ovulated and an-
ovulated cows would display different progesterone profiles. 
 
  
 Oxidative stress and ovulation in dairy cows 
171 
ABSTRACT 
This study was designed to evaluate the plasma profiles of oxidative stress biomarkers, 
progesterone and ovarian follicle diameter in ovulatory versus an-ovulatory cows. 
Twenty cows were synchronised using controlled internal drug release (CIDR) and 
prostaglandinF2α (PGF2α) protocol. Plasma samples were analysed for progesterone (P4), 
oxidative stress (OS) biomarkers; reactive oxygen metabolites (ROMs), biological 
antioxidant potential (BAP), oxidative stress index (OSI = ROMs/BAP × 100), 
advanced oxidation protein products, ceruloplasmin and glutathione (GSH). Plasma P4 
concentration was greater in ovulated cows 24 hours after PGF2α treatment but lower 48 
hours after PGF2α treatment compared with that of an-ovulated cows at those sampling 
sessions (P < 0.05). Ovulated cows were diagnosed with greater ovarian follicle 
diameter compared with that of their herd mates not diagnosed for ovulation. Significant 
interaction of time of PGF2α treatment and ovulation status (ovulatory versus an-
ovulatory) with the plasma concentrations of OSI, BAP and GSH were observed. 
Ovulated cows had significantly lower BAP compared with that of an-ovulated cows (P 
< 0.05) 9, 48, 60 and 128 hours after PGF2α treatment. Plasma concentrations of GSH 
were lower (P < 0.05) in ovulated cows than that of an-ovulated cows 60 and 96 hours 
after PGF2α treatment. However, OSI was greater (P < 0.05) in ovulated cows than that 
of an-ovulated cows 9, 48, 60 and 128 hours after PGF2α treatment. Significant 
associations were observed between OS status and sampling time. Oxidative stress 
status may have important physiological role in facilitating the ovulation process in 
oestrus synchronised dairy cows. 
Keywords: biological advanced potential, glutathione, ovulation, oxidative stress index, 
progesterone. 
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 INTRODUCTION 
Normally reactive oxygen species (ROS) and antioxidants remain in balance, but when 
this balance is disrupted as a consequence of ROS overproduction or depletion of 
antioxidants, oxidative stress (OS) occurs (Agarwal et al. 2005; Celi 2011a). Oxidative 
stress can affect a variety of physiological functions in the reproductive system, and 
excessive levels of ROS can disrupt several reproductive events and result in adverse 
pregnancy outcomes (Agarwal et al. 2005; Al-Gubory et al. 2010). In ruminants and in 
the dairy cow in particular, OS has been associated with several pathological conditions, 
such as retained placenta, udder oedema, and mastitis, which in turn may impair 
reproductive performance (Miller et al. 1993). 
The role of OS in the control of female reproduction has not been fully elucidated in 
ruminants; however, it is plausible that the oxidant/antioxidant balance can influence the 
reproductive axis at different levels (Celi 2011a). It is apparent that OS plays a crucial 
role in the cause and progression of several reproductive events such as fertilisation and 
early embryo development (Al-Gubory et al. 2010). For example, previous studies have 
shown that OS is associated with embryonic losses in dairy cows (Celi et al. 2011, 
2012) and that OS has a role in the pathogenesis of follicular cysts and repeat breeder 
syndrome in dairy cows (Rizzo et al. 2007, 2009). Studies in rodents have also 
highlighted the involvement of OS in the regulation of ovulation (Sato et al. 1992). 
As the oxidant/antioxidant balance may play a determinant role in the regulation of 
reproductive function in dairy cattle, this study was conducted to examine the changes in 
some plasma OS biomarkers in cows with ovulatory and an-ovulatory response after 
oestrus synchronisation with controlled internal drug release (CIDR) and 
prostaglandinF2α (PGF2α). 
MATERIALS AND METHODS 
All procedures conformed to the Australian Code of Practice for the Care and Use of 
Animals for Scientific Purposes and implemented by the Animal Ethics Committee of 
The University of Sydney (N00/9–2012/1/5829). 
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Animals and experimental design 
Twenty (14 primiparous and 6 multiparous) healthy, lactating, cycling Holstein Friesian 
dairy cows averaging 65 ± 5 days in milk and producing 27 ± 6 kg (mean ± SD 
[standard deviation]) of milk per day were enrolled into the study, which was performed 
during October and November 2012 (Spring) at the University of Sydney’s Corstorphine 
dairy farm, Camden, NSW, Australia. The mean air temperature, maximum air 
temperature and maximum relative humidity during the experimental period were 19°C, 
33°C and 99%, respectively. To conduct intensive measurements during the 
experimental period, cows were kept in a paddock separate to the main milking herd and 
fed ad libitum lucerne silage plus concentrate (8 kg/cow.day) at milking (0500 hours and 
1400 hours). 
The synchronisation protocol and experimental design are detailed in Talukder et al. 
(2014b). In brief, oestrus was synchronised in all trial cows by inserting a CIDR (Eazi-
Breed, Pfizer Animal Health Limited, West Ryde, NSW, Australia) into the vagina for 8 
days. After 8 days, CIDR were removed and 2 mL (500 µg) PGF2α synthetic analogue, 
cloprostenol sodium (Estrumate, Schering-Plough Animal Health Limited, Baulkham 
Hills, NSW, Australia) was administered to each cow. 
Ovarian activity was monitored via transrectal ultrasound scanning (Ibex Pro portable 
ultrasound; E.I. Medical Imaging, Loveland, CO, USA) three times daily during the 
period 48–68 hours after PGF2α treatment and six times daily thereafter until either 
ovulation or 128 hours after PGF2α treatment (whichever occurred first). At the first 
ultrasound examination, both ovaries were examined and the ovary containing the 
largest follicle and the size of the follicle was recorded. In each subsequent ultrasound 
examination, only the ovary containing the largest follicle was examined and the size of 
the follicle was recorded (Hockey et al. 2010). Of the 20 cows enrolled in this study, 12 
ovulated, seven did not ovulate and one cow developed cystic ovarian disease. Data 
from the cystic cow were excluded from the analyses. 
All cows were also assessed on the day before commencing the study for body condition 
score (BCS) and locomotion score. All recruited cows had an average BCS of 3.0 ± 0.5 
(mean ± SD) and an average locomotion score of 1.2 ± 0.2 (mean ± SD). 
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Blood sampling and assays 
Blood samples were collected into lithium heparinised (10 mL) vacutainers (BD, North 
Ryde, NSW, Australia) for analysis of plasma progesterone (P4) concentration according 
to the following schedule: twice daily 24 hours before and 32 hours after PGF2α 
treatment, six times daily (at 0200, 0600, 1000, 1400, 1800, and 2200 hours) 36 hours 
after PGF2α treatment until confirmation of ovulation or 128 hours after PGF2α 
treatment. Samples were stored on ice during sampling and transport before 
centrifugation at 1075g and 4°C for 15 min. Plasma was separated and stored at –20°C 
until laboratory analyses were conducted. 
Plasma P4 was determined by enzyme-linked immunosorbent assay using Progesterone 
EIA Kit (Cayman Chemical Co., Ann Arbour, MI, USA). The mean intra-assay and 
inter-assay coefficients of variation were 3.64% and 4.55%, respectively. The detection 
limit of the assay was 0.01 ng/mL. 
The amount of free oxygen radicals in plasma samples was determined by measuring the 
concentrations of reactive oxygen metabolites (d-ROMs Test; Diacron, GR, Italy), while 
the concentrations of antioxidants were measured using the biological antioxidant 
potential (BAP) test according to kit instructions (Diacron, GR, Italy); ROMs and BAP 
concentrations were determined in a dedicated spectrophotometer (FREE system, 
Diacron International, GR, Italy). The extent of OS was expressed as an Oxidative 
Stress Index (OSI), which was estimated using the ratio of ROMs/BAP × 100, as the 
combination of ROMs and BAP results are deemed to provide an accurate 
representation of OS status (Celi 2011b). Plasma glutathione (GSH) concentration were 
measured by an enzymatic recycling method (chemicals sourced from Sigma Aldrich 
Pty Ltd, Castle Hill, NSW, Australia) adapted for a microtitre plate reader (Baker et al. 
1990). Advanced oxidation protein products (AOPP) were measured according to the 
methods of Witko-Sarsat et al. (1998). Ceruloplasmin concentrations were determined 
according to the methods described by Sunderman and Nomoto (1970) except that 
absorbance was read at 510 nm (FLUROstar Optima, BMG Labtech, Mornington, VIC, 
Australia). Ceruloplasmin concentration was calculated as follows: 
Ceruloplasmin (g/L) = 0.752 (AR – AB), 
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where AR is the absorbance of sample R, and AB is the absorbance of sample B. 
Statistical analyses 
The raw data was initially assessed using descriptive statistics and then tested for normal 
distribution. Logarithmic transformations were performed for the data (P4, ROMs, BAP, 
AOPP, ceruloplasmin and GSH) that had skewed distributions and the means were back 
transformed for presentation of results (Talukder et al. 2014a). A linear mixed model 
(LMM) was used to estimate the effect of time (hours before and after PGF2α treatment), 
group (ovulatory vs an-ovulatory cycle) and the time by group interaction (GENSTAT 
14th Edition, VSN International, Hertfordshire, UK). The model was as follows: 
Yijk = μ + βi + γj + (βγ)ij + Rεijk 
where, Yijk = response variate according to group i (i = ovulatory vs an-ovulatory cows) 
at time j (j = –24, –9, 0, 9, 24, … 128 hours) by cow k (k = 1–19), µ = mean effect of 
group, βi = effect of group, γj = effect of time j, (βγ)ij = effect of group by time 
interaction, Rεijk = random residual error within cow k at time j. 
The 7 days of data was pooled for statistical analyses. The relationship between time of 
sampling (at 0200, 0600, 1000, 1400, 1800, and 2200 hours) and the 
oxidants/antioxidants parameters were tested by LMM. Ambient temperature and 
humidity were included as covariates in the model. A series of separate LMM was fitted 
to each of the oxidants/antioxidants parameters specifying fixed effects of parity (1 or 
>1), BCS (1–5), 7 days average milk yield (≤28 kg or >28 kg), and locomotion score (1–
2), with ‘cow’ included as a random effect in each of these models. Each explanatory 
variable was evaluated by univariable analyses using REML. All means are presented as 
model-based mean ± standard error (s.e.). 
RESULTS 
Plasma P4 concentration and ovarian follicular diameter 
Plasma P4 concentration was 2-fold greater 24 hours after PGF2α treatment in ovulated 
cows than that of an-ovulated cows. However, 48 hours after PGF2α treatment P4 
concentration was lower in ovulated cows compared with the P4 concentration in an-
ovulated cows, which was 0.6 ng/mL and 1.3 ng/mL, respectively (Figure 1A). Ovarian 
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follicle diameter was higher (P = 0.04) from 72-128 hours after PGF2α treatment in 
ovulated cows than in cows that did not ovulate (Figure 1B). 
 
 
Figure 1. A) Plasma progesterone concentration and B) follicle diameter (means ± 
s.e.) of cows with ovulatory (○) and an-ovulatory (●) event in relation to time of PGF2α 
treatment. *indicates significant differences (P < 0.05) between cows with ovulatory and 
an-ovulatory event at the same time point. 
 
Biomarkers of OS in ovulatory and an-ovulatory cows 
Plasma ROMs concentration did not differ significantly between ovulated and an-
ovulated cows (Figure 2A). Significant effects of time of PGF2α treatment, group and the 
time by group interaction was observed for BAP concentration. Plasma concentrations 
of BAP were significantly lower (P = 0.04) in ovulated cows compared with an-ovulated 
cows 9, 48, 60 and 128 hours after PGF2α treatment (Figure 2B). However, OSI were 
significantly greater in ovulated cows 9, 48, 60 and 128 hours after PGF2α treatment 
than those of an-ovulated cows (P = 0.03 Figure 2C). Plasma GSH decreased 
significantly (P < 0.05) in ovulated cows compared with that of an-ovulated cows 60 
and 96 hours after PGF2α treatment (Figure 2D). No significant differences in 
ceruloplasmin and AOPP concentrations were observed after PGF2α treatment between 
ovulatory and an-ovulatory cycles (Figure 2E, F). 
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Figure 2. Plasma concentration (means ± s.e.) of oxidative stress markers in cows with 
ovulatory (○) and an-ovulatory (●) event in relation to time of PGF2α treatment. A) 
Reactive oxygen metabolites (ROMs), B) biological antioxidant potential (BAP), C) 
oxidative stress index (ROMs/BAP), D) glutathione (GSH), E) ceruloplasmin and F) 
advanced oxidation protein products (AOPP). * indicates significant (P < 0.05) 
differences between cows with ovulatory and an-ovulatory event at the same time point. 
The horizontal bar indicates the range of time of ovulation while the thick vertical bar 
within the line of horizontal bar indicates the average time of ovulation. 
 
Circadian changes in OS biomarkers 
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ceruloplasmin are shown in Figure 3. The highest values of ROMs were observed at 
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during 1800 hours and at its highest at 1000 hours (P = 0.017; Figure 3B). As a result 
OSI values were similar during most time of the day with the exception of 1800 hours 
when it reached its highest value (P = 0.036; Figure 3C). Plasma GSH concentration 
was observed at its lowest (P < 0.001) at 0200 hours and 0600 hours, and at its highest 
at 1400 hours (Figure 3D). The highest (P = 0.001) concentration of ceruloplasmin was 
observed at 0600 hours and 1000 hours; ceruloplasmin concentration decreased in the 
afternoon and then its values slowly increased overnight (Figure 3E). Plasma AOPP 
concentration was relatively stable throughout the day with its lowest values (Figure 3F; 
P = 0.001) observed in the afternoon (1400 hours). 
Factors affecting the OS biomarkers 
In the present study, plasma concentration of BAP and ceruloplasmin had a significant 
(P < 0.05) association with locomotion score. Cows with a locomotion score of 1.0 had 
a greater BAP and ceruloplasmin concentration than cows with a locomotion score of 
1.5 (BAP: 3348 ± 46.7 vs 3150 ± 68.2 µmol/L; ceruloplasmin: 0.31 ± 0.02 vs 0.29 ± 
0.01 g/L, respectively). Primiparous cows had higher ROMs compared with their 
multiparous herd mates (101.6 ± 2.6 vs 92.6 ± 2.3 U.Carr; P < 0.05). No effect of milk 
yield was noted for any of the biomarkers of OS measured in this study. 
DISCUSSION 
The present study reports differences in the antioxidant status between ovulated and an-
ovulated oestrous cycles in lactating dairy cows. The data presented indicates that 
changes in antioxidant status observed during the preovulatory stage may have an 
essential role in the response to PGF2α leading to an ovulatory event. A relatively higher 
concentration of P4 was observed in an-ovulated cows compared with the ovulated herd 
mates between 48 and 72 hours after PGF2α. Higher concentration of P4 in an-ovulated 
cows during 48 and 72 hours after PGF2α might be related to the greater level of BAP 
compared with ovulated cows. This finding supports the result of Hayashi et al. (2003) 
who reported a delay in the decrease in P4 release after the infusion of free radical 
scavengers in ewes and failure of luteinising hormone to induce P4 secretion when the 
follicles were previously exposed to antioxidants (Shkolnik et al. 2011). 
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Figure 3. Plasma concentrations (means ± s.e.) of oxidative stress parameters at 
different times of day. A) Biological antioxidant potential (BAP), B) oxidative stress 
index (ROMs/BAP), C) reactive oxygen metabolites (ROMs), D) glutathione (GSH), E) 
ceruloplasmin and F) advanced oxidation protein products (AOPP). Ambient 
temperature and humidity were included as covariates in the model. The same lowercase 
letter indicates that there is no significantly difference between the time points (at P = 
0.05).  
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and 48 hours after PGF2α treatment, and this likely reflects a different pattern in luteal 
regression. However, differences in follicular diameters could be noted from 48 hours 
and became significant from 72 hours onward. This observation suggests that the 
differences in follicular development were a consequence of the different response of 
an-ovulated cows to the treatment. Possibly, the resulting incomplete or delayed 
luteolysis prevented ovulation in these animals. An-ovulated cows did not respond 
properly to the CIDR and PGF2α treatment for several reasons or possibilities; however, 
this study was not designed to investigate the mechanism of ovulation failure in an-
ovulated cows after CIDR and PGF2α treatment. 
It has been reported that PGF2α induces an increase of ROMs in luteolysis in ewe 
(Hayashi et al. 2003) and a decrease in the serum P4 concentrations early in the 
luteolysis process in rats (Sato et al. 1992). The inhibitory effect of PGF2α on P4 
production by corpus luteum is partly mediated through the increased production of free 
radicals (Sugino 2005) though not reflected by changes in ROMs concentration in the 
present study; however, other free radicals might be responsible at an ovarian level. It is 
possible that an increase in ROMs might have occurred at a local level and not 
detectable in peripheral blood because of the scavenging action of antioxidant (BAP and 
GSH), which decreased in this study. Indeed, changes in the components of antioxidant 
systems are often not the cause but the consequence of the OS induced by higher free 
radical activity. 
After synchronisation of the oestrous cycle, cows are expected to actively display 
behavioural sign of oestrus within 36 to 48 hours after PGF2α treatment. A significant 
increase of BAP concentration in an-ovulated cows during 48 and 60 hours after PGF2α 
treatment compared with their ovulated herd mates is likely due to a change in the 
physiological process. Skierska et al. (2008) also reported higher total antioxidant levels 
in an-ovulatory compared with ovulatory women. It could be presumed that the elevated 
level of plasma BAP in an-ovulatory cows between 48 and 60 hours after PGF2α 
treatment indicate more antioxidant protection or a compensatory response to OS as 
measured by OSI in the present study. It can be hypothesised that PGF2α treatment was 
unable to generate adequate amounts of free radicals in the an-ovulated cows and 
consequently resulted to ovulation failure. We observed a significant increase of OSI 48 
and 60 hours after PGF2α treatment for ovulated cows compared with an-ovulated cows. 
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The rapid increase of OSI from 48 to 60 hours onward might be related to the luteal 
regression. In this study, cows received exogenous P4 for 1 week before PGF2α treatment 
and it is possible that exogenous P4 exerted an inhibitory action on the endogenous P4 
production by the CL, which may partially explain the low P4 concentrations observed 
before PGF2α treatment. Prospective studies may be warranted if an in-depth 
understanding of the changes in OS markers throughout a natural reproductive cycle in 
dairy cows is to be generated. Moreover, further studies comparing the oxidant and 
antioxidant status in ovarian fluids and utero-ovarian circulation would be required to 
allow a full understanding of the physiological role of OS biomarkers on the ovulatory 
process. 
Plasma concentration of GSH was lower in ovulated cows compared with that of an-
ovulated cows 60, 96 and 108 hours after PGF2α treatment. Glutathione is the major 
non-protein sulfhydryl compound in mammalian cells and is generally considered as a 
good indicator of the blood scavenging capacity (Gabai et al. 2004). High OS might 
have contributed to the plasma GSH pattern in ovulated cows in the present study. 
Though it can be speculated that the depletion of systemic GSH levels could be a direct 
response to OS, an increase of plasma GSH in response to chronic OS has also been 
reported (Forman et al. 1997). Jérôme and Jean-François (2003) analysed the mRNA 
expression and enzymatic activities of the major antioxidant glutathione peroxidase 
(GSH-Px) in the bovine oviduct throughout the oestrous cycle and observed the highest 
levels of GSH and enzymatic activities for GSH-Px at the middle (10–12 days) and end 
(18–20 days) of the oestrous cycle. 
Although in this study, ceruloplasmin concentrations did not differ significantly between 
ovulated and an-ovulated cows, the values were within the range reported in heifers 
(Golder et al. 2013, 2014). Despite the contribution of ceruloplasmin in iron 
homeostasis, it acts as a very effective antioxidant. Skierska et al. (2008) evaluated 
plasma ceruloplasmin ferroxidase activity in women with ovulatory and an-ovulatory 
cycles and reported a higher activity of ceruloplasmin ferroxidase in an-ovulating 
compared with the ovulating subjects. Plasma concentrations of AOPP reported in this 
study were within the range previously reported in cows (Celi et al. 2011). No 
differences of plasma AOPP and ceruloplasmin suggest that plasma concentrations of 
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these two biomarkers did not reflect physiological changes in the ovary and therefore no 
inflammatory events were present. 
Plasma concentrations of OS markers were significantly associated with the time of 
sampling in the present study. A diurnal pattern of oxidative markers with acrophase in 
the middle of the photophase (1100 hours) has been reported in dry cows (Giannetto et 
al. 2010). The observed circadian changes in OSI might largely be attributed to the 
temporal pattern of ROMs concentration. In the present study, concentrate feeding 
during the time of milking may have contributed to increasing trend in ROMs 
concentration between early morning (0600 hours) and evening (1800 hours). 
In the present study, the greater level of BAP in cows with a locomotion score of 1.0 
supports our previous findings of higher concentration of BAP in healthy rams 
compared with rams with lesions in hooves (Talukder and Celi 2013). Primiparous cows 
had higher levels of plasma ROMs compared with multiparous cows. To the best of our 
knowledge there are no reports on the effect of parity on OS in dairy cows, however it is 
reasonable to assume that this observation could be due to the extensively reported 
metabolic challenge associated with initiation of lactation, growth and mammary gland 
development experienced by primiparous cows. 
CONCLUSIONS 
Our results suggest that the decrease in antioxidant status present during the peri-
ovulatoty stage may be an essential event preceding the ovulatory response. The 
observed decrease in BAP and GSH may well be the consequence of OS caused by the 
luteolytic action of PGF2α and the subsequent ovulatory event. The results also showed 
the circadian changes of OS markers with nocturnal acrophase in ROMs production and 
diurnal acrophase for antioxidant production. 
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OVERVIEW OF CHAPTER 5 
In Chapter 3, results presented suggested that IRT showed some potential as an oestrus 
detection aid with acceptable levels of sensitivity reported. However, the specificities 
and positive predictive values were lower than desirable. This chapter tested the 
hypothesis that the specificity of IRT in detecting an ovulation event could be improved 
if body parts that were less likely to be contaminated by faecal matter or affected by 
moisture were monitored. In addition, another oestrus detection aid, accelerometer 
(monitors activity and rumination level) was also evaluated. 
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ABSTRACT 
This study was conducted to test the hypothesis that the specificity of infrared 
thermography (IRT) in detecting cows about to ovulate could be improved by using 
different body parts that are less likely to be contaminated by faecal matter. In addition, 
the combined activity and rumination data captured by accelerometers were evaluated to 
provide a more accurate indication of ovulation than the activity and rumination data 
alone. Thermal images of 30 cows were captured for different body areas (eye, ear, 
muzzle and vulva) twice daily after am and pm milking sessions during the entire 
experimental period. Milk progesterone data and insemination records were used to 
determine the date of ovulation. Cows were fitted SCR heat and rumination long 
distance tags (SCR HR LD) for 1 month. Activity and rumination-based oestrus alerts 
were initially identified using default threshold values set by the manufacturer; however, 
a range of thresholds was also created and tested for both activity and rumination to 
determine the potential for higher levels of accuracy of ovulation detection. Visual 
assessment of mounting indicators resulted in 75% sensitivity (Se), 100% specificity 
(Sp) and 100% positive predictive value (PPV). Overall, IRT showed poor performance 
for detecting cows about to ovulate. Vulval temperature resulted in the greatest (80%) 
Sp but the poorest (21%) Se compared to the IRT temperatures of other body areas. The 
SCR HR LD tags default threshold value resulted in 78% Se, 57% Sp and 70% PPV. 
Lowering the activity threshold from the default value, improved the sensitivity but 
created a large number of false positives, which resulted in a decrease in specificity. 
Lowering the activity threshold to 20, resulted in a detection performance of 80% Se, 
94% Sp and 67% PPV while the rumination levels achieved 35% Se, 69% Sp and 14% 
PPV. The area under the curve for the activity level, rumination level and the combined 
measures of activity and rumination levels were 0.82, 0.54 and 0.75 respectively. Alerts 
generated by SCR HR LD tags based on a lower activity threshold level had high 
sensitivity and may be able to detect a high proportion of cows in ovulatory periods in 
pasture-based system; however, the specificities and positive predictive value were 
lower than the visual assessment of mounting indicators. 
Keywords: automated oestrus detection, SCR HR LD tags, infrared camera, dairy cow.  
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INTRODUCTION 
Detection of oestrus is a significant component of farm profitability in artificially bred 
dairy herds (Saint-Dizier and Chastant-Maillard 2011) but it is gradually being 
recognized as a major limiting factor of reproductive performance in modern dairy herds 
Lucy 2007; Holman et al. 2011). The traditional method of detecting cows in oestrus is 
visual observation of the behavioural signs for example, standing to be mounted by herd 
mate(s) (Diskin and Sreenan 2000). Visual observation is typically aided by mounting 
detectors attached to the tail head. The friction generated or pressure applied when the 
cow is mounted by herd mate(s) reveals a visual change to the detection aid which can 
be detected by the herdsperson (Holman et al. 2011). Achieving efficient oestrus 
detection by visual observation depends on the timing, duration and frequency of 
observation (Roelofs et al. 2010). In addition, discrete behavioural signs of oestrus, 
absence of standing mounts for up to 60% of ovulations and the shorter duration of 
oestrus in modern, high-yielding dairy cows make visual detection of oestrus more 
difficult (Holman et al. 2011; Saint-Dizier and Chastant-Maillard 2011; Kamphuis et al. 
2012). This, combined with the increase of herd size and the need to improve labour 
efficiency, has increased the reliance on automated oestrus detection tools to reduce 
dependence on humans and increase oestrus detection rates. 
An increase in locomotive activity is a behavioural change which commonly occurs 
when a cow is in oestrus (Roelofs et al. 2010). In addition, cows in or approaching 
oestrus spend less time in feeding (Diskin and Sreenan 2000) which may result in 
reduced dry matter intake and hence reduced rumination levels. Numerous studies have 
reported the use of activity meters (using pedometer or accelerometer technology) for 
detecting cows in oestrus automatically in either indoor systems (de Mol et al. 1997; At-
Taras and Spahr 2001; Roelofs et al. 2005) or in pasture-based systems (Kamphuis et al. 
2012). Using a commercially available technology (Hi Tag, SCR Engineers Ltd., 
Netanya, Israel) it is possible to measure the activity level (AL) and rumination level 
(RL) of an individual animal. A previous study (Kamphuis et al. 2012) reported on the 
use of a similar accelerometer technology for oestrus detection in a pasture-based 
seasonally-calved dairy herd, however, this study evaluated the AL rather than 
analyzing the AL and RL as a combined oestrus detection method. In addition, whilst 
the accelerometer technology may be similar, the interpretation of the data through this 
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technology may differ substantially between studies. Combined activity and rumination 
data generated by the SCR heat and rumination (HR) long distance (LD) tags may be 
well suited to oestrus detection for grazing cows.  
Body temperature changes during the oestrus cycle (Kyle et al. 1998); decreasing 
approximately 2 days before oestrus and then increasing at the time of the luteinizing 
hormone (LH) peak (Fisher et al. 2008). The temperature rhythms during the oestrous 
cycle have been measured by rectal (Wrenn et al. 1958) and vaginal thermometry 
(Clapper et al. 1990; Mosher et al. 1990) and have been shown to be associated with the 
LH surge and ovulation. However, these methods are time consuming and disruptive for 
the animal (Hoffmann et al. 2013). Whilst they are also invasive, the use of ingested 
boluses (to measure temperature in the reticulum) and vaginal devices can monitor the 
core body temperature continuously (Saint-Dizier and Chastant-Maillard 2011). Non-
invasive diagnostic tools such as infrared thermography (IRT) may provide an 
opportunity to measure body surface temperatures and may also be suited to automation 
if they prove to be useful oestrus detection aids. Talukder et al. (2014b) reported that 
IRT vulval temperature resulted in higher sensitivity but lower specificity for predicting 
a cow about to ovulate compared to visual observation and Estrotect® (Heat Detector 
patch; Rockway Inc., Spring Valley, WI). Due to occlusion of vulva by the hanging tail, 
monitoring of vulval temperatures may limit the practical application of IRT on farm. 
Head, and especially the eye and back of the ear have been reported to be promising 
body regions for IRT because these regions experience less visual obstruction compared 
to the vulva which may render them more useful for automated IRT oestrus detection 
(Hoffmann et al. 2013).  
The present study tested the hypothesis that the specificity of IRT in detecting an 
ovulation event could be improved if body parts that are less likely to be contaminated 
by faecal matter are monitored.  An additional hypothesis tested in this investigation was 
that the combined activity and rumination data captured by the SCR HR LD tags would 
provide a more accurate indication of ovulation than the activity and rumination data 
alone. 
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MATERIALS AND METHODS 
This study was approved by the Animal Ethics Committee (The University of Sydney, 
NSW, Australia, approval number: N00/9-2012/1/5829).  
Animals, experimental design and data collection  
This study was conducted on 30 (11 primiparous and 19 multiparous), healthy (based on 
farm records) lactating, cycling Holstein Friesian dairy cows averaging 60 ± 17 days in 
milk (DIM) and producing 33 ± 6 kg (mean ± SD [standard deviation]) of milk per day 
(during the week prior to the study commencement). The study was performed during 
October and November 2013 (Spring) for 1 month at the University of Sydney’s 
Corstorphine dairy farm, Camden, NSW, Australia. The mean air temperature, 
maximum air temperature and maximum relative humidity during the experimental 
period were 18°C, 37°C and 99%, respectively. All cows grazed kikuyu grass 
(Pennisetum clandestinum), over sown with short rotation ryegrass (Lolium 
multiflorum), and perennial ryegrass (Lolium perenne) and white clover (Trifolium 
repens). The cows had access to pasture between the two milkings and were grazed in 
accordance with the best practice of using pasture on offer and leaf stage as the criterion 
to flag time to graze (Fulkerson and Donaghy 2001). On the day before the study 
commencement, transrectal ultrasound scanning was performed to confirm the presence 
of follicle(s) and absence of any abnormal structures (cysts) and gynaecological 
abnormalities using a portable scanner (Ibex Pro portable ultrasound; E.I. Medical 
Imaging, Loveland, Colorado, USA). 
Oestrus was monitored by visual observation of the mounting indicators (i.e. the degree 
of removal of colour in Estrotect® during each am and pm milking. Inseminations were 
performed at two time periods per day soon after the milkings (am and pm). If a cow 
was identified as displaying the complete activation of Estrotect®, she was considered to 
be in oestrus and was inseminated at the next insemination period.  
Cows were assessed for body condition score (BCS), using a scoring system from 1 to 5 
incorporating 0.5 scores (Edmonson et al. 1989) and for locomotion score (LS) using 1 
to 5 system (Sprecher et al. 1997) on a weekly basis. Lactation number, daily milk 
production, days in milk (DIM), and body weight were captured for each animal using 
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the electronic data support software, DelPro (Tumba, Sweden). Vaginal temperature was 
recorded with a digital thermometer (Microlife AG, 9443 Widnau, Switzerland) at each 
IRT data capture session. 
The variables possibly affecting the accuracy of ovulation detection are listed in Table 1. 
Continuous predictor variables were tested for linear association with ovulation 
detection method; if there was no linear effect, continuous predictor variables were then 
categorised based on the median values for easier interpretation. 
 
Table 1. Factors assessed for their effects on the performance of oestrus detection 
method (n = 1412). 
Factors Classes Class description 
Days in milk 2 ≤ 68 (Low)            
> 68 (High) 
Body condition score 2 ≤ 2 (Low)                
> 2 (Acceptable) 
Locomotion score  2 1 (Healthy)   
> 1 (Lame) 
Lactation number Continuous - 
Daily milk production (kg) 2 ≤ 14 (Low)            
> 14 (High) 
Milk protein % 2 ≤ 2.88 (Low)      
> 2.88 (High) 
Milk fat % 2 ≤ 4.03 (Low)      
> 4.03 (High) 
 
Collection of activity and rumination data measured by SCR HR LD tags 
During the experimental period, all cows were fitted with SCR HR LD tags (Hi Tag, 
SCR Engineers Ltd., Netanya, Israel). These collars consisted of an accelerometer to 
quantify activity and a microphone to monitor rumination in 2 hour (h) time blocks, as 
validated by Schirmann et al. (2009). The neck collars were fitted 7 days before the start 
of the trial to establish baseline thresholds for AL and RL. The device continuously 
monitored the individual cow AL and RL in 2 h time blocks, with data downloaded 
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automatically to the support software on a computer located at the dairy. A base unit 
receiver located above the entrance of the milking parlour retrieved the data (via radio 
communication) into a control unit. Using a mathematical algorithm, a weighted index 
of AL and RL was calculated by the software that expressed the momentary deviation of 
the AL and RL from the average activity and rumination respectively in the same time 
period during the past 7 days (Kamphuis et al. 2012). System alerts were automatically 
generated based on the weighted AL and RL index. In addition, if the weighted activity 
in any of the 2 h time blocks exceeded a user-defined threshold value (factory default 
activity threshold value was 30) an activity alert was reported for that cow at the next 
milking. The peak weighted AL (the greatest weighted AL in 2 h time blocks within 24 
h) and the minimum weighted RL (the lowest weighted RL in 2 h time blocks within 24 
h) were used to test the sensitivity (Se), specificity (Sp) and positive predictive value 
(PPV) of different thresholds by comparison with the system-generated alerts. Ranges of 
threshold levels were created using 10 unit increments with values ranging from 0 to 
100 (<0, <10, <20, <30, <40, <50, <60, <70, <80, <90 and <100). The threshold <10 
means the values from zero to 9; the similar approach was applicable for the other 
thresholds. The generated threshold values (of both AL and RL) were then analyzed to 
determine their effect on ovulation detection performance. 
Infrared thermography of different body areas  
Thermal scanning of cows was performed using an infrared camera (FLIR, 620 series, 
FLIR Systems Co. Ltd., St Leonards, NSW, Australia) twice daily after am and pm 
milking sessions during the entire experimental period. The vulva, eyes, ears and muzzle 
surface temperatures were measured at each IRT scanning session. Seven days of IRT 
temperatures were used as a baseline temperature for each of the body areas. Before the 
thermal scanning of the vulva, the vulva was gently wiped with dry paper towels to 
remove faecal matter and the tail was held aside. Thermal imaging was performed from 
a fixed distance of approximately 1 metre from the animal as described in our previous 
study (Talukder et al. 2014b). Before each thermal scanning session, the emissivity 
value was set to 0.98 and thermograph resolution was calibrated to ambient temperature 
and humidity as per manufacturer’s recommendation using a solar weather station 
(Oregon Scientific International Ltd., Los Angeles, USA).   
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Images were stored in a memory card and then transferred to a laptop for analysis using 
ThermaCAM Researcher Professional 2.9. The software allowed the user to determine 
the surface temperature in a user-defined field of interest on the image and calculated 
the minimum, maximum, and average temperatures and standard deviation (through 
software recognition of each pixel within the defined area) for each of these ‘fields’. 
Maximum IRT temperatures of body surfaces were used in line with previous studies 
(Schaefer et al. 2004; Talukder et al. 2014b). In addition, we observed better results 
using the maximum IRT temperature compared to average or minimum IRT 
temperature. Vulval and muzzle images were analyzed by adopting the approach 
mentioned in Talukder et al. (2014b) while free hand drawn geometrical polygonal 
shapes covering the entire ear was used for the calculation of ear temperature. The eye 
area was oval shaped and encompassed the entire eye, eyelid and a narrow band of skin 
around the eye (Figure 1). A total of 1140, 1115, 1113, 1114, 1114 and 1112 images of 
vulva, left eye, right eye, left ear, right ear and muzzle respectively were captured and 
included in the data analysis.   
 
 
Figure 1. Hand drawn area of vulva (A), eye (B), ear (C) and muzzle (D) which defined 
the temperature data area used by the support software. 
 
A
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Milk sampling, herd testing and hormonal analysis 
Composite milk samples were collected into a 5 mL glass vial and a 15 mL plastic 
sample bottle thrice weekly on Monday, Wednesday and Friday during pm milking. The 
5 mL glass vials were stored at 4°C until sent to a laboratory for herd-testing 
(compositional analyses) while the 15 mL plastic sample bottles were frozen at -20°C 
pending analysis of progesterone (P4). Herd test results (milk fat % and protein %) of 
collected milk samples were obtained from Dairy Express (University of New England, 
Armidale, NSW).  
Milk samples were analyzed for P4 concentration using a solid phase RIA (Coat-A-
Count Progesterone; Siemens Medical Solutions Diagnostics, Los Angeles, CA) 
validated for milk samples (Srikandakumar et al. 1986). The mean intra-assay and inter-
assay coefficients of variation were 2.88% and 5.75% respectively. The detection limit 
of the assay was 0.05 ng/mL.   
Gold standard definition of ovulation 
To identify when cows were likely to have ovulated, individual milk P4 profiles were 
used to confirm the time between ovulations and the associated timing of oestrus 
(Aungier et al. 2012). A trough-like curve in these P4 profiles was assumed to indicate a 
periovulatory event (luteolysis followed by ovulation with subsequent development of 
the new functional corpus luteum) and was initially identified as evidence of an 
ovulation event (Figure 2). The following approach reported by Kamphius et al. (2012) 
was used to determine the ovulation date: 1) the day of AI; 2) the centre of the trough 
like curve of P4 profiles in the absence of an AI date (Figure 2).  
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Figure 2. Example of a cow with ovulation event (day 0) based on milk progesterone 
concentration. 
 
Algorithm and steps for detection and description of IRT oestrus temperature 
Diurnal variation in ambient temperature and humidity during the am and pm milking 
sessions necessitated adjustment of vulval maximum temperatures as described in 
Talukder et al.(2014b).  In brief, the following steps were followed:  
Step 1: Fitting linear mixed model 
A linear mixed model was fitted to the vulval maximum temperature data using a 
restricted maximum likelihood (REML) procedure. Along with the ambient temperature 
and humidity, a list of variables, namely days in milk, milking session (am and pm), 
body weight, BCS, LS, and parity, were used for the adjustment in the same model. Any 
variable having a P-value > 0.05 was excluded from the model in one step and refitted 
using a REML procedure with the following form:  
VulvaT = constant  + βA (AmbT – AmbT) + βH (Hum – Hum) +෍  βk (Cov௞  – Cov௞)
௞
 + Cow + ε 
where VulvaT = vulval temperature; constant = overall mean vulval temperature 
(averaged over the entire data set); AmbT = ambient temperature (covariate); Hum = 
humidity (covariate); Covk = days in milk, milking session (am and pm), body weight, 
BCS, LS, parity (covariates); Cow = random effect of cow and ε = random error. The 
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terms AmbT, Hum, and Cov௞	represent the averages of these values, i.e. the covariates 
are expressed as deviations from their means in the model. This model, as well as 
subsequent models, was fitted using GENSTAT 16th edition (VSN International, 
Hertfordshire, UK). 
 Step 2: Adjustment of vulval temperature using regression coefficients 
Vulval temperatures (of individual cow observations) were adjusted to the mean 
ambient temperature, mean humidity, and mean of other covariates, over the study 
period as follows: 
VulvaTadj1 = VulvaT – bA (AmbT – AmbT) – bH (Hum – Hum) – ෍  bk (Cov௞ – Cov௞)
௞
 
where, bA, bH and bk are the estimated regression coefficients from the REML procedure 
(step 1). 
Step 3: Adjustment for baseline temperature 
The empirical baseline temperature data was used as an adjustment with the following 
form.  
VulvaTadj2 = VulvaTadj1 – VulvaTB  
where VulvaTB is the average of the raw baseline vulval temperatures for a cow during 
the first 7 days. VulvaTadj2 is used for testing different thresholds and calculation of 
sensitivity and specificity. 
Other body surfaces (left eye, right eye, left ear, right ear and muzzle) maximum 
temperatures were adjusted similarly as described above for vulval temperature.  
Algorithm optimization 
Different thresholds of 1, 1.25, and 1.50 SD above the baseline temperature were set in 
body surfaces temperature adjustment 2 to determine the oestrus-related increase of IRT 
temperature. A period when the adjusted vulval temperature exceeds the threshold for 
any observation time was considered as an indication of an oestrus-related increase of 
temperature and defined as an IRT oestrus alert.   
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Simultaneous use of multiple IRT measures  
In order to determine if the simultaneous use of multiple IRT measures of different body 
areas provided an improved oestrous test procedure compared to individual measures, a 
logistic generalized linear mixed model (GLMM) was fitted to the binary oestrous data, 
with the following form: 
log௘ ቀ 1− ቁ = constant + ߚ௏VulvaT + ߚ௅ா௬௘LEyeT + ߚோா௬௘REyeT + ߚ௅ா௔௥LEarT+ ߚோா௔௥REarT + ߚெMuzzleT + Cow 
where π was the probability of the cow being in oestrus, VulvaT, LEyeT, REyeT, 
LEarT, REarT, and MuzzleT were the results from adjustment 2 of vulval, left eye, right 
eye, left ear, right ear, and muzzle  temperatures, respectively, and where Cow was a 
random cow effect. Having fitted the model, different logit (=loge[π/(1–π)]) thresholds 
(2, 2.5 and 3) of fitted values were examined for sensitivity and specificity and positive 
predictive value. 
A similar approach was used for combined measures of AL and RL measured by SCR 
HR LD tags.  
Definition of true positive, true negative, false positive and false negative  
Ovulated cows (with or without increased body surface temperature at different 
thresholds) at any observation session were considered as true positive (TP) and false 
negative (FN) respectively. An-ovulated cows (with or without increased temperature) 
for any observation session were considered as false positive (FP) and true negative 
(TN), respectively. 
Test status (TP, TN, FP, FN) of SCR HR LD tags as defined earlier were calculated 
using the same method described for calculation of IRT body surface temperature. 
Calculation of sensitivity, specificity and positive predictive value 
Sensitivity (Se) was defined as the proportion of true ovulation events in which at least 
one IRT oestrus alert occurred (as defined by the binary classification) and was 
calculated by the formula, TP/(TP+FN). Specificity (Sp) was defined as the proportion 
of true anovulation events in which no IRT oestrus alert occurred and was calculated by 
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the formula, TN/(TN+FP). Positive predictive value (PPV) was calculated as 
TP/(TP+FP). 
Sensitivity, specificity and positive predictive value of SCR HR LD tags and Estrotect® 
were calculated using the same method described for calculation of IRT oestrus alert. 
Receiver operator characteristic (ROC) curve analysis for IRT temperature and SCR 
HR LD tags 
The sensitivity and specificity were calculated at several thresholds and the overall 
utility of the method was assessed through construction of a receiver operator 
characteristic (ROC) curve (Hanley and McNeil 1982), whereby the sensitivity vs (1 – 
specificity) was plotted at each threshold. After the points were connected with lines, the 
area under the curve (AUC) was calculated using a simple trapezium method. The area 
under the curve (AUC) (0 < AUC < 1) was used as a measure of test performance, with 
AUC = 0.5 corresponding to a test performance no better than chance. More 
specifically, the AUC was used as a measure of the probability that a randomly selected 
ovulated cow had a test result indicating greater probability (of being in ovulation) than 
that for a randomly chosen an-ovulated cow. 
Statistical analysis of factors associated with ovulation detection performance 
A multivariable logistic GLMM was used to identify factors (listed in Table 1) 
associated with an oestrous event (binary outcome variable). Cow identification number 
was considered as a random factor. Animal factors (lactation number, BCS, LS, DIM 
and body weight) and production factors (milk production, milk fat %, and milk protein 
%) were considered as fixed effects. A backwards, stepwise model-building strategy 
was used i.e. a full model was built and then each variable was removed in turn based on 
the Wald’s test (P < 0.05). After building the final model, the interaction effect between 
the factors were tested as described in Talukder et al. (2014a) 
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RESULTS 
Of the 30 cows enrolled in this study, 20 cows were found to have an ovulation event 
during the study period according to the P4 profile combined with AI date. Of the 20 
ovulated cows, visual appraisal of the Estrotect® assisted detection of the oestrus event 
occurred in 75% (n = 15) of cows. The descriptive statistics of daily milk production, 
milk composition, AL and RL are presented in Table 2. 
Descriptive analyses of IRT temperature of different body areas, vaginal temperature 
and their correlations 
Of the IRT temperature of the various body areas evaluated in the present study, the 
eyes recorded the highest mean temperature (left eye: 36.3 ± 2.1°C; right eye: 36.2 ± 
2.1°C) while the vulva had the second highest (35.0 ± 2.4°C) mean temperature (Table 
2). Vaginal temperature (measured by thermometer) was higher than all of the IRT 
temperatures (Table 2). Strong correlations were reported for all IRT temperatures of the 
various body areas (r > 0.8; P < 0.001; Table 3). Infrared thermography temperatures 
were positively correlated with the ambient temperature but negatively correlated with 
the relative humidity (P < 0.001). Vaginal temperature had a weak but positive 
correlation with IRT temperature and ambient conditions (P < 0.001; Table 3). 
Sensitivity, specificity and positive predictive value of IRT oestrus alert 
Figure 3 shows the test results for the IRT traits presented in a ROC curve. It shows the 
results from each body area, as well the results from all body area using the logistic 
GLMM. Sensitivity and specificity of IRT was influenced by the thresholds of 
temperature rise used to define the occurrence of an oestrus alert. As the thresholds 
were increased, a decrease in sensitivity and an increase in specificity were observed. 
Vulval IRT temperature resulted in the highest specificity but lowest sensitivity 
compared to those of other body areas. At a threshold of 1 SD, muzzle temperature had 
the greatest sensitivity of the measured individual body parts (56.8%; Figure 3). The 
combination of all IRT measures resulted in the greatest sensitivity (93.7%) but the 
poorest specificity (6.7%) (Figure 3).         
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Table 2. Descriptive statistics of IRT temperature (°C) of different body areas, activity 
level, rumination level, daily milk production and milk composition.  
Parameters n Mean Median SD Lower 
quartile 
(Q1) 
Upper 
quartile 
(Q3) 
Vaginal temp. (°C) 1142 38.5 38.5 0.5 38.2 38.8 
Vulval temp. (°C) 1140 35.0 35.3 2.4 33.9 36.6 
Left eye temp. (°C) 1115 36.3 36.5 2.2 35.6 37.7 
Right eye temp. (°C) 1113 36.2 36.4 2.1 35.6 37.4 
Left ear temp. (°C) 1114 34.8 34.5 4.4 32.3 37.2 
Right ear temp. (°C) 1114 34.6 34.7 3.3 32.9 36.6 
Muzzle temp. (°C) 1112 32.8 33.0 3.1 31.0 34.9 
Daily activity level 14990 835.2 826.0 162.4 735.0 924.0 
Daily rumination level 
(minutes) 
14990 502.0 513.5 99.9 437.0 569.0 
Daily milk production 
(kg) 
665 28.7 28.9 6.2 24.9 32.9 
Milk protein % 665 2.7 2.7 0.2 2.6 2.9 
Milk fat % 665 3.9 3.9 0.90 3.3 4.6 
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Table 3. Pearson correlation coefficients among ambient temperature, humidity, vaginal 
temperature measured by thermometer and IRT temperature of different body areas.  
Paramete
rs 
Ambie
nt 
temp. 
Ambie
nt 
humidit
y 
Vagin
al 
temp. 
IRT 
vulval 
temp. 
IRT 
left 
eye 
temp
. 
IRT 
right 
eye 
temp
. 
IRT 
left 
ear 
temp
. 
IRT 
right 
ear 
temp
. 
IRT 
muzzl
e 
temp. 
Ambient 
temp. 
-         
Ambient 
humidity 
-0.68* -        
Vaginal 
temp. 
0.39* -0.27* -       
IRT 
vulval 
temp. 
0.59* -0.49* 0.40* -      
IRT left 
eye 
temp. 
0.60* -0.57* 0.41* 0.87* -     
IRT right 
eye 
temp. 
0.58* -0.57* 0.39* 0.87* 0.97* -    
IRT left 
ear temp. 
0.65* -0.55* 0.44* 0.82* 0.89* 0.86
* 
-   
IRT right 
ear temp. 
0.64* -0.56* 0.46* 0.85* 0.92* 0.90
* 
0.91
* 
-  
IRT 
muzzle 
temp. 
0.65* -0.50* 0.46* 0.82* 0.89* 0.87
* 
0.91
* 
0.91
* 
- 
*Indicates significance at P < 0.001. 
 
Sensitivity, specificity and positive predictive value of SCR HR LD tags  
The SCR default threshold value resulted in 78% Se, 57% Sp and 70% PPV. The 
performance of SCR activity and rumination levels for detecting cows in oestrus at 
different thresholds is depicted in Figure 4. An increase in threshold was accompanied 
with a decrease in sensitivity and an increase in specificity and positive predictive value. 
At threshold < 20 (0-19), AL had a detection performance of 80.0% Se, 94.3% Sp and 
66.7% PPV while threshold < 30 (20-29) resulted in 65.0% Se, 97.1% Sp and 76.5% 
PPV. When the threshold was lowered to < 10 (0-9) minutes, the RL presented 75% 
sensitivity but the specificity decreased dramatically to 36% (Figure 4). 
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As the performance of AL and RL were different, further results for these level types are 
reported separately using ROC curves (Figure 5). The ROC curve demonstrates the 
‘trade–off’ between sensitivity and specificity. An increase in sensitivity resulted in an 
accompanying increase in FP cases, which corresponds to a decrease in specificity. At a 
fixed FP rate of 1% (specificity of 99%), sensitivity levels were 40% and 0% for AL and 
RL respectively (Figure 5). The AUC for the AL, RL and the combined measures of AL 
and RL were 0.82, 0.54 and 0.75 respectively, indicating that the AL generated more 
accurate alerts for true oestrus events than the RL or an alert which combined the 
measures of both the RL and AL. 
 
 
Figure 3. Receiver operating characteristic (ROC) curves (restricted to a maximum false 
positive rate of 1% which is equivalent to a minimum specificity of 99%) for IRT. The 
area under the curve (AUC) for vulva (♦), left eye (□), right eye (■), left ear (∆), right 
ear (▲), muzzle (●) and combined measures of all body areas (◊) are 0.51, 0.52, 0.48, 
0.52, 0.53, 0.53 and 0.43 respectively. 
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Figure 4. Effect of changing thresholds on sensitivity (●) and specificity (▲) for SCR 
tags measuring activity (solid line) and rumination level (dashed line).  
 
 
Figure 5. Receiver operating characteristic (ROC) curves (restricted to a maximum false 
positive rate of 1% which is equivalent to a minimum specificity of 99%) for SCR tags. 
The area under the curve (AUC) for the activity level (●), rumination level (■) and the 
combined measures of activity and rumination level (▲) are 0.82, 0.54 and 0.75, 
respectively. 
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Factors affecting the performance of ovulation detection methods evaluated by 
logistic regression modelling  
Of the six predictor variables (listed in Table 1) tested, locomotion score and milk 
protein % were the factors that had a significant (P < 0.05) effect on the probability of a 
true oestrus event being detected by the SCR HR LD tags using the default manufacturer 
settings; however, no significant effect (P = 0.54) of their interaction was noted. The 
odds ratio (OR) of a true oestrus event having an alert generated by the SCR HR LD 
tags was significantly lower for cows which were scored to be at least slightly lame (LS: 
> 1) compared to non-lame (LS: ≤ 1) cows [OR = 2.35; 95% confidence interval (CI) 
1.52 to 3.63; P < 0.001], and in cows with low versus high milk protein % [OR = 4.95; 
95% CI 1.34 to 18.2]; P < 0.05]. Since few true positive oestrus events were detected by 
IRT, multivariable regression was not conducted.   
DISCUSSION 
The hypothesis tested in this study was rejected. The findings of the present study 
indicated that IRT showed poor performance for detecting cows in oestrus. Although the 
muzzle, eye and ear temperatures resulted in improved specificities, the sensitivities 
were lower compared to vulval temperature. Activity measured by accelerometer in 2 h 
time blocks resulted in detection of a higher proportion of cows in oestrus in a pasture-
based system than the rumination or the combined measures of activity and rumination. 
In the present study, IRT eye temperature was higher than IRT vulval temperature which 
contrasts with the findings of Hoffmann et al. (2013). The collection of data for 2 days, 
cubicle housing system and use of IRT video image to measure the body surface 
temperature in that study (Hoffmann et al. 2013) may explain the discrepancy. In the 
present study, ambient temperature and humidity were moderately correlated with IRT 
temperatures. These findings are consistent with the previous studies reporting the 
positive correlation of ambient temperature with udder temperature (Berry et al. 2003) 
and foot temperature (Rainwater-Lovett et al. 2009). The moderate correlation between 
IRT temperature and ambient temperature may reflect the mild environmental 
conditions during the experimental period. The strong correlations between vulval and 
muzzle temperature observed in the present study are consistent with the previous study 
(Talukder et al. 2014b) which was 0.75. 
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This study is the first to evaluate the potential of IRT technology in different body areas 
(eye, ear, muzzle and vulva) for the detection of cows in oestrus. Irrespective of the 
different body areas explored for IRT image capture, the accuracy of oestrus detection 
was relatively poor. However, eye temperature has been reported as the earliest and the 
most consistent indicator of body temperature in diagnosis of febrile ponies (Johnson et 
al. 2011) and bovine viral diarrhoea virus infection in calves (Schaefer et al. 2004). In 
those two studies, experimental animals were challenged to equine herpes virus 
(Johnson et al. 2011) and bovine viral diarrhoea virus infection (Schaefer et al. 2004).  
The detection of disease through increased body temperature with the aid of IRT may be 
more successful than the detection of oestrus with high levels of sensitivity (91.5%) and 
specificity (84.6%) reported by Johnson et al. (2011).  
Among the threshold tested for IRT in the present study, a threshold of 1.5 SD resulted 
in the highest specificity but the poorest sensitivity which was in contrast to the findings 
of Talukder et al. (2014b). However, in that study (Talukder et al. 2014b), oestrus was 
synchronized in the cows and IRT data capture was conducted at four hour intervals 
which may explain the discrepancies of findings with the present study. Whilst it is 
possible, it is not expected that the synchrony of oestrus impacted on the oestrus 
detection accuracy achieved in that study (Talukder et al. 2014b). However, performing 
IRT twice daily in the present study may have resulted in oestrus cases going undetected 
when thresholds were set at levels that resulted in a large number of FP cases. It may be 
possible to reduce the number of false positives by performing IRT continuously rather 
than twice daily although such a practice would have limited application potential 
(particularly in pastured cows).   
Various environmental conditions and extraneous factors can affect the accuracy of IRT. 
In a recent porcine study, Sykes et al. (2012) reported the greatest differences of vulval 
temperature at ambient temperature < 10°C. On the other hand, Love and Linsted (1976) 
reported that an ambient temperature of approximately 20°C is ideal for capturing IRT 
images while in another study by Turner et al. (1986), an ambient temperature < 20°C 
was reported to be acceptable for performing IRT. Infrared thermography eye 
temperature was reported to be influenced by sunlight and distance from camera to eye, 
suggesting the need to ensure these two factors are managed with regard to consistency 
(i.e. capture images from a set distance and conduct the monitoring in a shaded 
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environment (Johnson et al. 2011). Additional factors, for example vapour, carbon 
dioxide, angle of measurement, wind velocity, drafts, foreign material on the hair coat 
and eye injury/disease may also have a significant influence (Stelletta et al. 2012; 
Hoffmann et al. 2013).  
A large variation (both within and between cows) of IRT temperatures of different body 
areas was observed in the present study. Aside from the potential for operator influence 
(exactness of distance between camera and body part), faecal contamination (most 
relevant for vulval images), skin colour, moisture (particularly on vulva and muzzle) and 
hair density/length (particularly for ear measurements) may have influenced the 
variability of the IRT data. It is recognised that all of the above mentioned factors would 
be difficult to address in a practical application.   
In the present study, the estimates of sensitivity, specificity and positive predictive value 
of AL for detection of cows in oestrus were within the range of those reported in 
previous studies using an accelerometer (Kamphuis et al. 2012). Results presented here 
indicated that AL resulted in more accurate oestrus detection performance than either 
RL alone or the combination of RL and AL.  
The value of the RL may be significantly influenced by the nutritional status and the 
rumen environment of cows, regardless of their feeding/management system. Whilst 
true indicators of these factors were not captured in the present study, it is possible that 
the diet composition negatively impacted on the daily RL across the herd and therefore 
the ability to detect significant changes in RL as an indicator of an oestrus event. In the 
present study, the average daily rumination was 502.0 ± 99.93 minutes which was 
within the range reported in the previous study (Bar and Solomon 2010).  
The sensitivity and specificity of ovulation detection using accelerometer and activity 
meters are known to vary with the threshold or algorithm set by the manufacturer and 
the defined reference period of previous activity (baseline) reported in the earlier studies 
(de Mol et al. 1997; At-Taras and Spahr 2001; Roelofs et al. 2005; Saint-Dizier and 
Chastant-Maillard 2011), although animals were managed in similar housing systems 
(free stall barns) reported in those studies. Using a reference period of seven days and 
adopting different thresholds to define increased activity in the present study, created a 
range in both sensitivity and specificity (from 0% to 100% and 7% to 100% 
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respectively). Adopting a reference period of 10 days and a variety of standard deviation 
ranges to determine the change in activity resulted in sensitivity ranging from 86.7% to 
94.1% and specificity ranging from 90.4% to 98.2% in a herd managed in pasture-based 
system (Hockey et al. 2010).  Hockey’s study (Hockey et al. 2010) was conducted on a 
larger number of animals (n = 400) in a seasonally-calved herd where most of the 
calving occurred from May to July (late autumn/early winter) and a different activity 
meter (Rescounter II®, Westfalia-Surge, Bonen, Germany) was mounted on a neck collar 
which may explain the achieved higher sensitivities and specificities compared to the 
present study. The performance of any activity meter is likely to be impacted by the 
housing and the herd management system (Aungier et al. 2012). Due to the pasture 
rotation, cows walk different distances from one paddock to another which can result in 
a significant level of variation in activity in pasture-based systems (Saint-Dizier and 
Chastant-Maillard 2011). Future studies may be conducted including the different 
walking distances as a variable for adjusting the algorithm and to evaluate its effect on 
activity based oestrus alerts. These studies should also include daily or am-pm herd 
average activity level as a covariate to adjust for the variation in walking distance from 
different paddocks to the dairy. Within each farm, the threshold value can be set based 
on the management system (pasture allocation, calving system) which may reduce the 
number of false positives but may also incur the risk of missing some events, thereby 
reducing the sensitivity of such a method (Holman et al. 2011). In addition, 
incorporating the most recent oestrus event date in the algorithm may reduce the number 
of FP (Saint-Dizier and Chastant-Maillard 2011).  
Using the gold standard of milk P4 profiles combined with AI dates, SCR HR LD tags 
detected five true oestrus events (16%) that were not detected through the visual 
assessment of mounting indicators (Estrotect®). However, four 13% (n = 4) true oestrus 
events that were detected by visual assessment of the Estrotect® devices did not generate 
an alert via the SCR HR LD tags. Whilst the detection of the additional five oestrus 
alerts is encouraging, the FN would indicate that the SCR HR LD tags could be used to 
enhance oestrus detection via visual observation but certainly would not be 
recommended as a replacement for visual detection. Poor sensitivity/specificity is likely 
to be a major limitation in the adaptation of a new technology by the dairy farmers 
(Hockey et al. 2010) as farmers generally expect a technology to enhance the 
performance of current methods. In the present study, different threshold resulted in 
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different sensitivity and specificity. Although the activity threshold < 50 resulted in 99% 
specificity, it resulted in the poorest sensitivity. This is because the activity threshold < 
50 is reliant on a significant increase in activity for an alert to be generated which results 
in a higher than desirable proportion of true oestrus events not being associated with an 
alert. Prospective studies regarding the pattern and the cause of FP alerts may help to 
identify possible ways to improve the sensitivity of the system-generated activity alerts. 
However, it is most likely that incorporation of additional data and/or calculation into 
the algorithms would be required to generate alerts with the highest levels of sensitivity 
and manageable levels of FP.  
The potential factors evaluated in the present study, lameness was shown to be 
negatively associated with the probability of a true oestrus event being detected by the 
SCR HR LD tags using the default manufacturer settings in the present study which 
agrees with the findings of previous studies (López-Gatius et al. 2005; Walker et al. 
2008). This may be the consequence of reduced oestrus intensity/expression in lame 
cows (López-Gatius et al. 2005; Walker et al. 2008). Cows with high milk protein % 
were more likely to be detected in oestrus by SCR HR LD tags compared to cows 
having low milk protein % which agrees with the findings of a previous study (Fahey et 
al. 2003). The relationship between reproductive performance and milk protein % may 
be driven by energy balance (Fahey et al. 2003) which has a strong positive effect on 
resumption of oestrus cycles. Though the energy balance status has not been evaluated 
in the present study, it may be speculated that cows with high milk protein % had a more 
desirable energy balance status and hence had a higher probability of being detected by 
SCR HR LD tags compared to their herd mates with low milk protein %. 
CONCLUSIONS 
The findings of the present study indicated that the SCR HR LD tags give a good 
indication of when ovulation is likely to occur. Although the specificities estimated in 
this study were deemed acceptable, the sensitivities and positive predictive values using 
different thresholds were considerably lower than the desirable 100% detection rate. The 
oestrus detection performance of IRT can be improved by performing IRT continuously 
rather than twice in a day (which may reduce the prevalence of false positives) although 
its feasibility in terms of farm practice particularly in pasture-based dairy farms needs to 
be evaluated. 
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OVERVIEW OF CHAPTER 6 
Plasma oxidative stress biomarkers were shown to differ significantly between ovulated 
and an-ovulated cows in Chapter 4. Whilst this was somewhat of a breakthrough, it was 
deemed that the real value would be realised if similar findings could be achieved with 
biomarkers in milk. In-line sensors and automated milk sampling technology already 
exists for some milk components and the monitoring of biomarkers in milk (if 
successful) may allow for the development of fully automated and accurate oestrus 
detection on farm with the advantages of timeliness and integration that would likely 
result. As a result, in chapter 6 it was hypothesized that oxidative stress biomarkers 
measured in milk would be able to provide a reliable indication of an ovulation event. 
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ABSTRACT 
This study was conducted to evaluate changes in milk profiles of oxidative stress (OS) 
biomarkers in dairy cows with ovulatory and an-ovulatory oestrous cycles. Thirty 
healthy, cycling Holstein cows averaging 60 ± 17 days in milk, and producing 33 ± 6 kg 
of milk per day (the week before commencing the study) were enrolled in this study. 
Composite milk samples were collected thrice weekly and assayed for the following OS 
biomarkers: lipoperoxides (LPO), biological advanced potential, superoxide dismutase 
(SOD), advanced oxidation protein products (AOPP), ceruloplasmin, glutathione (GSH), 
β-carotene and glutathione peroxidase (GSH-Px). Milk samples were also tested for fat 
and protein composition and the fat: protein ratio (FPR) was categorised as low (≤1.31), 
medium (1.32-1.56) and high (>1.57) to evaluate their main effect and the interaction 
effect of FPR and the week of study on OS using linear mixed models with cow 
identification being a random factor. Cows with ovulatory oestrous cycles (n = 20) 
presented significantly greater SOD levels compared to cows that did not ovulate (n = 
10; P < 0.05). On the other hand, LPO, GSH-Px and GSH concentrations were lower in 
ovulated cows compared to the an-ovulated cows (P< 0.05). The highest level of LPO 
and AOPP were noted at prooestrus phase while β-carotene presented the lowest value 
at that phase of oestrous cycle. It could be postulated that the elevated level of milk 
SOD and the observed lower level of LPO, GSH-Px and GSH in ovulating cows may be 
an essential event preceding the ovulatory response.  
Keywords: oxidative stress biomarker, ovulation, milk, dairy cow, progesterone. 
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INTRODUCTION 
The characterisation of the oxidant/antioxidant balance is attracting a high level of 
interest in ruminant physiology (Celi, 2011) as it may play an important role in the 
regulation of several physiological functions including reproduction (Agarwal et al. 
2006; Celi 2011). Oxidants and antioxidants act as signalling molecules for various 
physiological functions in the female reproductive tract (Agarwal et al. 2006). For 
example, superoxide dismutase (SOD) is the first enzymatic antioxidant in the ovary 
that plays a vital protective role by catalysing the conversion of superoxide radicals into 
hydrogen peroxide (H2O2) while glutathione peroxidise (GSH-Px) detoxifies H2O2 to 
H2O (Al-Gubory et al. 2005). Moreover, it seems that these antioxidants act within 
growing follicles, granulosa cells of Graafian follicles, the endometrium and corpus 
luteum (CL) to regulate important functions like, ovulation, fertilisation and embryo 
development (Rizzo et al. 2012; Sugino 2005). 
Oxidative stress (OS) has been reported to have an important role in the normal 
functioning of the female reproductive system and in the pathogenesis of female 
infertility (Agarwal et al. 2005). In ruminants and in the dairy cow in particular, OS has 
been associated with several pathological conditions, such as retained placenta 
(Kankofer et al. 2010), mastitis (Ranjan et al. 2005) and embryo mortality (Celi et al. 
2012; Celi et al. 2011) which impair reproductive performance.  
While there is evidence of the presence of antioxidative factors (SOD, GSH-Px, β-
carotene) in colostrum and milk of dairy cows (Lipko-Przybylska et al. 2010; Lipko-
Przybylska et al. 2012), there is currently no conclusive evidence as to whether or not 
OS biomarkers measured in milk provide a reliable indication of reproductive status.  
Considering that changes in plasma OS biomarkers seem to be related to the ovulatory 
status of dairy cows (Talukder et al. 2014c), if a similar relationship was to be found in 
milk samples, it could allow the development of an on-farm automated technology that 
could monitor the ovulatory status of individual cows during milking. Therefore, this 
study was conducted to examine the naturally occurring changes in milk OS biomarkers 
in ovulatory and an-ovulatory lactating dairy cows. Differences in OS biomarkers 
amongst the different phases of oestrous cycles were also evaluated. 
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MATERIALS AND METHODS 
All procedures conformed to the Australian Code of Practice for the Care and Use of 
Animals for Scientific Purposes and implemented by the Animal Ethics Committee of 
The University of Sydney (N00/9-2012/1/5829).  
Animals and feeding system  
Thirty (11 primiparous and 19 multiparous; parity: 2.1 ± 1.1) healthy (according to on-
farm records), lactating Holstein cows averaging 60 ± 17 days in milk and producing 33 
± 6 kg (mean ± SD) of milk per day were used in this study. The study was conducted 
between October and November 2013 (Spring) for 1 month at the University of 
Sydney’s Corstorphine dairy farm, Camden, NSW, Australia. The mean air temperature, 
maximum air temperature and maximum relative humidity during the experimental 
period were 18°C, 37°C and 99%, respectively. Before the commencement of the study, 
a transrectal ultrasound scan was performed on all cows using a portable scanner (Ibex 
Pro portable ultrasound; E.I. Medical Imaging, Loveland, CO, USA) to confirm the 
presence of ovarian follicle(s). 
All cows were grazed on kikuyu grass (Pennisetum clandestinum), over sown with short 
rotation ryegrass (Lolium multiflorum), perennial ryegrass (Lolium perenne) and white 
clover (Trifolium repens). The cows had access to pasture between the two milkings and 
were grazed in accordance with the best practice using pasture on offer and leaf stage as 
the criterion to flag pasture as ‘grazeable’ (Fulkerson et al.2001). Cows received their 
target concentrate (7.5 ± 0.8 kg/cow.day; Elite Plus, Weston Animal Nutrition, Enfield, 
NSW, Australia) allocation twice daily at milking. Cows were also supplemented (as a 
group) with lucerne silage (16.9 ± 0.4 kg/cow.day) on a feed pad after the afternoon 
milking. The chemical composition of the silage and concentrate pellets were analysed 
by near infrared spectroscopy and wet chemistry in MC Franklin lab, University of 
Sydney (Sydney, NSW, Australia) (Table 1).  
Milk oxidative stress biomarkers and ovulation in dairy cows 
227 
Table1. Chemical composition of lucerne silage and concentrate pellet fed during the 
experimental period. Values are means obtained from near infrared and wet chemistry. 
Item (% dry matter) Silage Concentrate 
 Dry matter 51.3 98.0 
 Neutral detergent fibre 59.8 20.0 
 Acid detergent fibre 39.2 6.4 
 Organic matter 92.0 - 
 Water soluble carbohydrate 14.5 - 
 Crude protein 9.3 16.0 
 Nitrogen 1.5 2.6 
 Dry matter digestibility 58.7 88.0 
Metabolizable energy 8.8 13.0 
 
Data collection  
Cows were assessed weekly for body condition score (BCS), using a scoring system 
from 1 to 5 incorporating 0.5 scores (Edmonson et al. 1989) and for locomotion score 
(LS) using 1 to 5 system (Sprecher et al. 1997). Daily milk production, and body weight 
(BW) was captured for each animal using the electronic data support software, AlPro 
(Tumba, Sweden). Composite milk samples were collected into two 15 mL plastic 
sample bottles thrice weekly (Monday, Wednesday, and Friday) during the pm milking. 
One bottle was frozen at -20°C pending progesterone (P4) analyses, while the other 
bottle was used for analysis of somatic cell count, fat and true protein concentrations 
(Foss 303 Milko Scan, Denmark). Fat:protein ratio (FPR) was calculated to provide an 
indication of energy balance (Grieve et al. 1986; Heuer et al. 1999), as FPR >1.5 is 
indicative of a greater rate of fat synthesis in the mammary gland and therefore of 
increased mobilization of body fat reserves (Grieve et al. 1986; Heuer et al. 1999). The 
variables listed in Table 2 were assessed to evaluate their association with biomarkers of 
OS.  
Ambient temperature and humidity were recorded twice daily (6 am and 1 pm) solar 
weather station (Oregon Scientific International Ltd., Los Angeles, USA). Temperature 
humidity index (THI) was calculated for each IRT scanning session using the equation 
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reported by Kendall et al. (2008):  THI = [(1.8 × T + 32) – {(0.55 − 0.0055 ×  RH) × 
(1.8 × T−26)}]. 
 
Table 2. Factors assessed for their effects on the biomarkers of oxidative stress. 
Factors Classes Class description 
Days in milk 2 ≤68 (Low) 
>68 (High) 
Body condition score  3 ≤2.5 (Low) 
3.0 (medium) 
≥3.5 (Acceptable) 
Locomotion score  2 1 (Healthy) 
>1(Lame) 
Parity 2 Primiparous 
Multiparous 
Fat corrected milk yield (Kg) 3 ≤30 (Low) 
31-38 (Medium) 
>38 (High) 
Milk fat:protein ratio 3 ≤1.31 (Low) 
1.32-1.56 (Medium) 
>1.57 (High) 
Body weight (Kg) 3 ≤540 (Low) 
541-578 (Medium) 
>578 (High) 
 
Progesterone (P4) assay and defining phases of oestrous cycle 
Milk samples were analysed for P4 concentration using a solid phase radio immuno 
assay (Coat-A-Count Progesterone; Siemens Medical Solutions Diagnostics, Los 
Angeles, CA, USA) validated for milk samples (Srikandakumar et al. 1986). The mean 
intra-assay and inter-assay coefficients of variation were 2.88% and 5.75% respectively. 
The detection limit of the assay was 0.05 ng/mL. 
Oestrus was monitored by visual observation of the mounting indicators Estrotect® Heat 
Detector patch (Genetics Australia Co-operative Ltd, Bacchus Marsh, VIC, Australia) 
during the am and pm milking. Inseminations were performed at two time periods per 
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day soon after the milkings (am and pm). If a cow was identified as displaying the 
complete activation of EstrotectTM, she was considered to be in oestrus and was 
inseminated at the next insemination period. Individual milk P4 profiles were 
constructed to identify when cows were likely to be in oestrus and the associated timing 
of ovulation (Aungier et al. 2012). A trough-like curve in these P4 profiles was assumed 
to indicate a periovulatory event (luteolysis followed by ovulation with subsequent 
development of the new functional CL) and was initially identified as evidence of 
ovulation (Figure 1A). The day of ovulation was identified as either the date of 
performing AI where this resulted in a confirmed positive pregnancy outcome based on 
farm record, regardless of the shape of the progesterone profile; (2) the day of an 
unsuccessful AI when the insemination was coincident with the trough like curve in 
progesterone concentrations; (3) if a trough like curve occurred without a corresponding 
day of AI, the ovulation date was set preferentially being at the centre of the trough-like 
curve in progesterone concentrations (Talukder et al., 2015; Kamphuis et al., 2012). 
Cows that met the above criteria were deemed to have ovulated while those that did not 
meet the criteria were considered as an-ovulated cows (Figure 1B).  Of the 30 cows 
enrolled in this study, 20 ovulated, while 10 did not ovulate. Day of ovulation was 
considered as day of oestrus (day 0). Only one oestrus was recorded for each cow. Only 
the first oestrus was considered for data analysis for any cows that had more than one 
oestrus event during the study period. Phases of the oestrous cycle were defined as 
prooestrus (day 17-20), oestrus (day 0), metoestrus (day 2-4) and dioestrus (day 5-17) 
(Ireland et al. 1980).  
Separation of skim milk, and whey protein  
Ten mL of milk sample were defatted (centrifugation at 5000 g for 15 minutes at 4°C) 
and skim milk was collected. Subsequently, casein was removed and whey protein was 
obtained from half of the collected skim milk by adding 8% acetic acid to skim milk 
followed by centrifugation at 5000g for 15 min and collection of the supernatant. Skim 
milk and whey protein samples were stored at −20°C until pending analyses. Whole 
milk samples were analysed for biological antioxidant potential (BAP) and beta(β)-
carotene assay; skim milk samples were assayed for lipoperoxides (LPO), SOD, 
glutathione (GSH), GSH-Px and ceruloplasmin while whey samples were assayed for 
advanced oxidation protein products (AOPP). 
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Figure 1. Example of progesterone profile of an ovulated (A; Cow 1142) and an-
ovulated (B; Cow 1215) cow. The vertical arrow indicates the day of ovulation (Day 0). 
 
Milk OS assay 
The levels of LPO, as markers of oxidative damage on lipids, were assayed in skim milk 
using the Lipocell test (FREE system, Diacron International, GR, Italy). The 
concentrations of BAP were measured in a dedicated spectrophotometer (FREE Carpe 
Diem, Diacron International, Grosseto, Italy) according to kit instructions (BAP test, 
Diacron, GR, Italy). Beta-carotene levels were measured by a hand held photometer 
(iCheck®, BioAnalyt GmbH, Teltow, BR, Germany) as described by the manufacturer. 
Exactly 400µl of milk was injected into the extraction and measuring vials (iCheck®, 
BioAnalyt GmbH, Teltow, Germany). The sample was shaken vigorously for 10 
seconds and then left to rest for 5 minutes to achieve complete phase separation. 
Thereafter, the vials were inserted into the portable photometer and read at 450 nm. 
Results were given as mg/L. Commercial kits were used for the determination of GSH-
Px (Cayman, Glutathione Peroxidase Assay Kit, Sapphire, NSW, Australia) and SOD 
activity (Cayman, Superoxide Dismutase Assay Kit, Sapphire, NSW, Australia). 
Glutathione concentration was measured by an enzymatic recycling method (chemicals 
sourced from Sigma Aldrich Pty Ltd, Castle Hill, NSW, Australia) adapted for a micro 
titre plate reader (Baker et al. 1990). Ceruloplasmin concentrations were determined 
according to the methods described by Sunderman et al. (1970) except that absorbance 
was read at 510 nm (FLUROstar Optima, BMG Labtech, Mornington, VIC, Australia). 
Ceruloplasmin concentration was calculated as follows:  
Ceruloplasmin (g/L) = 0.752 (AR – AB),  
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where AR is the absorbance of sample R, and AB is the absorbance of sample B.  
Advanced oxidation protein products were measured according to the methods of 
Witko-Sarsat et al. (1998). Concentrations of AOPP, GSH, ceruloplasmin, GSH-Px and 
SOD activities were determined in a spectrophotometer (FLUOstarOptima, BMG 
Labtech, Mornington, VIC, Australia). 
Statistical analyses 
Raw data was initially assessed using descriptive statistics and then tested for normal 
distribution. Linear mixed models (LMM) were used to estimate the differences of OS 
indicators between cows deemed to have ovulatory vs an-ovulatory oestrous cycle using 
GENSTAT 14th Edition, VSN International, Hertfordshire, UK) and adding somatic cell 
count as a covariate. The model was as follows:  
Yijk= μ + βi+ Rεij 
Where, Yij= response variate according to group i (i = ovulatory vs an-ovulatory cows) 
by cow j (j = 1 to 30), μ = mean effect of group, βi= effect of group, Rεij= random 
residual error within cow j. 
To further evaluate the relationship between OS, energy balance and milk production, 
cows were further categorised based on their fat:protein ratio (FPR) as low (LFPR: 
≤1.31); medium (MFPR: 1.32-1.57) or high (HFPR: >1.57) FPR,  and on their fat 
corrected milk yield (FCMY) as low (LFCMY: ≤30 Kg/cow/day), medium (MFCMY: 
31-38Kg/cow/day) or high (HFCMY: >38 Kg/cow/day). A series of separate linear 
mixed models were fitted for each of the OS parameters specifying fixed effects and the 
interaction effect of explanatory variables listed in Table 2 with ‘cow’ included as a 
random effect in each of these models following the approach decsribed in Talukder et 
al. (2014a). All means are presented as model-based mean ± SEM. 
 Chapter 6 
232 
RESULTS 
Of the 30 cows enrolled in this study, 20 cows were found to have an ovulation event 
during the study period according to the P4 profile combined with AI date. Of the 20 
ovulated cows, visual appraisal of the Estrotect® assisted detection of the oestrus event 
in 75% (n = 15) of the cows. The descriptive statistics of days in milk, body condition 
score, locomotion score, parity, fat corrected milk yield, milk fat protein ratio, daily 
body weight between ovulated (n = 20) and an-ovulated (n = 10) are presented in Table 
3. 
 
Table 3. Mean (± SEM) of days in milk, body condition score, locomotion score, parity, 
fat corrected milk yield, milk fat protein ratio, daily body weight between ovulated (n = 
20) and an-ovulated (n = 10) cows. 
Factors Ovulated An-ovulated 
Days in milk 74.8 ± 3.7  63.9 ± 5.2 
Body condition score  3.1 ± 0.3 3.1 ± 0.2 
Locomotion score 1.2 ± 0.3 1.1 ± 0.2 
Parity 2.3 ± 1.2 1.9 ± 0.9 
Fat corrected milk yield (Kg) 32.2 ± 0.7 30.0 ± 0.9 
Milk fat:protein ratio 1.5 ± 0.04 1.4 ± 0.06 
Body weight (Kg) 566.3 ± 8.7 557.2 ± 12.3 
 
Biomarkers of milk OS in ovulatory and an-ovulatory cows 
Differences in milk OS biomarkers between ovulated and an-ovulated cows are shown 
in Figure 2. Ovulated cows had greater SOD activity compared to that of an-ovulated 
cows (P < 0.05). On the other hand, LPO, GSH-Px and GSH activities were lower in 
ovulated cows than an-ovulated cows (P < 0.05). Overall, no differences were observed 
in milk AOPP, β-carotene, ceruloplasmin, and BAP level between ovulated and an-
ovulated cows (Figure 2).    
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Milk P4 and biomarkers of OS at different phases of oestrous cycle 
Milk concentration of LPO, AOPP, β-carotene and GSH-Px differed significantly in 
relation to the four phases of oestrus cycle (P < 0.05; Figure 3). Lipoperoxides and 
AOPP were greater during prooestrus compared to the other phases of the oestrous 
cycle. On the other hand, β-carotene presented its lowest value during the prooestrus 
phase. Milk GSH-Px peaked during the dioestrus phase and was at its lowest during the 
oestrus phase (35.3 ± 1.6 nmol/min/mL and 31.3 ± 2.3 nmol/min/mL respectively; P < 
0.05). The concentrations of SOD, GSH, ceruloplasmin and BAP did not significantly 
differ among the different phases of the oestrous cycle (Figure 3).  
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Figure 2. Milk biomarkers of oxidative stress (means ± SEM) in cows with ovulatory 
(white bar; n = 20) and an-ovulatory (black bar; n = 10) event. * indicates the significant 
differences (P < 0.05) between cows with ovulatory and an-ovulatory event. 
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Figure 3. Milk biomarkers of oxidative stress (means ± SEM) in ovulated cows (n = 20) 
at different phases of oestrous cycle. Lowercase letters indicate significant difference (P 
< 0.05) among the different phases of the oestrous cycle.  
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Factors affecting the OS biomarkers 
In the present study, the concentration of BAP, SOD, GSH-Px and ceruloplasmin had 
significant (P < 0.05) associations with locomotion score. Cows with a locomotion score 
of >1  had a lower BAP, SOD, GSH-Px and ceruloplasmin concentration compared to 
cows with a locomotion score of <1 (BAP: 5266 ± 110 µmol/L vs 5682 ± 96 µmol/L; 
SOD: 1.6 ± 0.1 U/mL vs 2.0 ± 0.1 U/mL; GSH-Px: 31.5 ± 0.9 nmol/min/mL vs 34.5 ± 
0.7 nmol/min/mL and ceruloplasmin: 1.07 ± 0.002 g/L vs 1.08 ± 0.002 g/L 
respectively). Primiparous cows had lower ceruloplasmin compared to their multiparous 
herd mates (0.07 ± 0.002 g/L vs 0.08 ± 0.002 g/L; P < 0.05). Stage of lactation had also 
a significant effect of the OS biomarkers measured in this study, cows with <68 DIM 
presenting greater BAP, SOD, GSH-Px, GSH and ceruloplasmin concentration than 
those of cows with >68 DIM (P < 0.05). Body condition score was significantly (P < 
0.001) associated with GSH-Px, GSH and ceruloplasmin. Cows having BCS 2.5 had the 
highest GSH-Px and ceruloplasmin while cows BCS 3.5 had the lowest GSH-Px and 
ceruloplasmin (GSH-Px: 38.9 ± 2.5 nmol/min/mL vs 30.1 ± 1.2 nmol/min/mL, 
ceruloplasmin: 0.08 ± 0.004 g/L vs 0.07 ± 0.002 g/L respectively). On the other hand, 
GSH concentration was lowest in cows with BCS 2.5 and highest in cows having BCS 
3.5 (0.72 ± 0.06 µmol/L vs 1.06 ± 0.06 µmol/L, respectively). Fat corrected milk yield 
was significantly associated with milk LPO, BAP and SOD concentration. Cows in 
LFCM showed the highest concentration of BAP and LPO but the lowest SOD value 
compared to cows in MFCM and HFCM (P < 0.05). Body weight was not significantly 
associated with any of the OS biomarkers measured in the present study. 
Fat corrected milk yield, FPR, body weight and BCS across the duration of the study are 
presented in Table 4. The main effect of time (week of study), Fat protein ratio category 
and their interaction on OS biomarkers are illustrated in Figure 4. In week 1, MFPR 
cows had the lowest concentration of LPO compared to HFPR and LFPR cows while in 
week 4 HFPR cows had the lowest level of LPO. In Week 2, GSH concentration was 
greater (P < 0.05) in MFPR cows compared to that of LFPR cows, while in week 4, 
HFPR cows presented greater GSH value than that of LFPR or MFPR cows. In weeks 1 
and 2, HFPR cows presented the greatest β-carotene level while in week 4 the greatest 
β-carotene level were observed in the LFPR cows (P < 0.05). Low FPR cows had 
significantly greater ceruloplasmin concentration than the MFPR ones on week 1 and 2; 
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however, on week 3 the LFPR group presented the lowest ceruloplasmin value (P < 
0.05). Neither the main effect of time or FPR, nor their interaction effect was 
significantly associated with AOPP level in the present study. Superoxide dismutase and 
GSH-Px levels differed significantly with time (P < 0.05) but they were not affected by 
FPR categories or the time*FPR interaction. The highest and the lowest SOD level was 
observed on week 1 (2.2 ± 0.1 U/mL) and week 3 (1.5 ± 0.1 U/mL) respectively. 
Glutathione peroxidase activity decreased from week 1 to week 4 (P < 0.05). The 
concentration of BAP was inversely associated with FPR which was 5727.3 ± 108.8 
umol/L in LFPR and 5415.4 ± 102.8 umol/L in HFPR. No significant effect of time 
time*FPR interaction were observed on BAP concentration.  
 
Table 4. Mean (± SEM) fat corrected milk yield, fat protein ratio, body weight and body 
condition score across the weeks of study. 
Week  Fat corrected 
milk yield 
(Kg/cow.day) 
Fat protein 
ratio 
Body weight 
(Kg) 
Body 
condition 
score 
Week 1 31.3 ± 6.0 1.5 ± 0.04 557 ± 7 3.0 ± 0.04 
Week 2 31.4 ± 6.3 1.6 ± 0.04 563 ± 7 3.0 ± 0.04 
Week 3 31.6 ± 6.4 1.5 ± 0.04 573 ± 7 3.1 ± 0.04 
Week 4 30.2 ± 5.7 1.4 ± 0.05 557 ± 8 3.1 ± 0.04 
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Figure 4. Graphs illustrating the effects of fat protein ratio [categorised as low ≤1.31 
(■), medium 1.32-1.57 (●) and high >1.57 (▲)] and the weeks of study on the oxidative 
stress biomarkers. * indicates the significant interaction effect of fat protein ratio and 
week on the oxidative stress biomarkers. 
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DISCUSSION 
The data presented in this study indicates that milk oxidative markers (LPO, SOD, 
GSH-Px and GSH) differed significantly between cows with ovulatory and an-ovulatory 
oestrus cycles. Milk concentration of LPO, AOPP, β-carotene and GSH-Px differed 
significantly in relation to the four phases of oestrus cycle. The level of BAP, SOD, 
GSH-Px and ceruloplasmin had significant (P < 0.05) associations with locomotion 
score, stage of lactation and BCS. 
Milk SOD activity was greater in ovulated cows while the concentrations of LPO, GSH-
Px and GSH were lower in ovulated cows compared to those of an-ovulated cows. 
Considering the physiological function of reactive oxygen species as important 
mediators of inflammatory reaction necessary for the ovulation event, we would have 
expected a greater concentration of LPO in ovulated cows compared to that of an-
ovulated cows. However, the observed lower concentration of LPO in ovulated cows in 
the present study may be explained by the greater level of SOD in ovulated cows, which 
may act as a buffer and reduce the level of LPO. In the present study, greater SOD value 
in ovulated cows supports the findings of Tamate et al. (1995) suggesting the role of 
superoxide radical and SOD as a mediator for ovulation in humans. The observed 
increase in SOD activity in ovulated cows may due to self-protective antioxidant 
mechanism against the increased peroxide production required for ovulation which is 
thought to be associated with inflammatory like changes (Agarwal et al. 2005). Since 
SOD activity increases H2O2 production through the dismutation of superoxide (O2-) to 
H2O2, protection from ROS would only be given by a simultaneous increase in GSH-Px 
concentration and availability of GSH (Celi 2010; Kehrer et al. 1994). The observed 
lower GSH-Px and GSH in ovulated cows might have been the consequence of trying to 
keep LPO at a relatively lower level. 
Milk concentration of GSH was lower in ovulated cows compared with that of an-
ovulated cows in the present study. Glutathione is the major non-protein sulfydryl 
compound in mammalian cells and is generally considered as a good indicator of the 
blood scavenging capacity (Gabai et al. 2004; Talukder et al. 2014b). The observed 
lower GSH pattern in ovulated cows may be a resultant of increased utilization of GSH 
(which is the major exogenous source of redox potential in the ovary) to protect the 
ovarian tissue against the excessive production of free radicals which supports the 
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observed lower level of LPO in the present study. In addition, it is possible to speculate 
that the production of free radicals exceed the scavenging capacity of SOD in ovulated 
cows, and therefore in this situation, GSH might repair oxidized and damaged molecules 
using NADPH as an original electron source (Fujii et al. 2005) supporting the lower 
availability of GSH in ovulated cows observed in the present study.  
No differences in ceruloplasmin and AOPP was noted between ovulated and an-
ovulated cows which is consistent with our previous findings (Talukder et al. 2014c) 
suggesting the possible failure of these biomarkers to reflect the physiological changes 
in the ovary. Similarly, no changes in β-carotene and BAP were observed between 
ovulated and an-ovulated cows. In line with our previous observations where plasma 
BAP was decreased in ovulated cows, we would have expected to observe a similar 
trend in milk. It is likely that the mammary gland utilize some of the constituents of 
BAP for milk protein synthesis as observed in utilizing the constituent amino acid of 
GSH for milk synthesis (Mantovani et al. 2010).  
Among the antioxidants examined, GSH-Px levels increased significantly during the 
dioestrous phase supporting the findings of Rapoport et al. (1998). It is possible to 
speculate that the high level of GSH-Px during dioestrus may have reduced the 
accumulation of free radicals and maintained the P4 secretion during this phase (Al-
Gubory et al. 2005). One possible explanation for the observed lower GSH-Px activity 
during oestrus and metoestrus is that cows may have experienced some degree of lipid 
peroxidation during the previous phase (prooestrus) and hence OS during these phases 
reflected by the observed consequential antioxidant depletion (Venditti et al. 2006). The 
differences of GSH-Px during the oestrous cycle might also be related to 
prostaglandinF2α (PGF2α) which has an antisteroidogenic effect and has been reported to 
rise 1-4 days before oestrus, except during the first oestrus after calving (Kindahl et al. 
1976). From all these findings, one can speculate that after the initial functional 
luteolysis during prooestrus, the rise in secretion of PGF2α (although not measured in the 
present study) and a rapid decline in P4 concentration might be attributed to a decrease 
in the level of GSH-Px at oestrus. The value of OS biomarkers measured in the present 
study (over the different phases of the  oestrous cycle) may be associated with many 
environmental, managerial, and cow related factors which need to be evaluated through 
further studies. It is necessary to translate the information (changes of OS  biomarkers 
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during the oestrous cycle) into a commercial application that could be adopted by 
industry. 
Beta-carotene in addition to being an antioxidant serves as a precursor of retinol which 
has been reported to stimulate P4 secretion by porcine luteal cells in vitro (Rapoport et 
al. 1998; Talavera et al. 1988). High levels of β-carotene in corpora lutea may protect 
against damage due to oxygen free radicals generated in the course of P4 synthesis 
(Rapoport et al. 1998) supporting at least in part, the observed lower concentration of 
milk β-carotene during the prooestrus phase of the oestrous cycle in the present study 
when both LPO and AOPP concentration was greater. In the present study, LPO levels 
were greater during the prooestrus phase indicating the possible increased release of 
inflammatory mediators and vasoactive agents which is a prerequisite event at the 
preovulatory stage of follicle rupture (Agarwal et al. 2005).  
Advanced oxidation protein products (AOPP) are markers of protein oxidation 
generated by the reaction between plasma proteins and myeloperoxidase derived 
chlorinated oxidants produced by activated neutrophils (Bordignon et al. 2014; Witko-
Sarsat et al. 1998). It is possible to speculate that AOPP can be formed within the 
mammary gland following mild polymorphonuclear neutrophil leukocytes activation 
during prooestrus (Shirai et al. 2002). 
In the present study, the greater level of BAP in cows with a locomotion score of 1.0 
supports our previous findings of greater concentration of BAP in healthy rams 
compared to rams with lesions in hooves (Talukder and Celi, 2013). Primiparous cows 
had lower levels of ceruloplasmin compared to multiparous cows. Our previous study 
(Talukder et al. 2014c) reported that primiparous cows had greater reactive oxygen 
metabolites compared to their multiparous herd mates and suggested that this 
observation could be due to the extensively reported metabolic challenge associated 
with initiation of lactation and the growth and mammary gland development 
experienced by primiparous cows. In the present study, among the an-ovulated cows 
60% (n = 6) were primiparous which partly explain the effect of increased metabolic 
challenge on ovulation failure in primiparous cows. Increased utilization of 
ceruloplasmin as a buffering action against free radicals may explain the lower 
concentration of ceruloplasmin in primiparous cows. The observed greater level of 
antioxidants in early lactation cows (<68 DIM) agrees with the earlier findings of 
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Wachter et al. (1999) who reported a progressive decline in blood antioxidant activity as 
lactation progresses which might be attributable to the depletion of antioxidants by milk. 
In the present study, oestrous cycles were observed during early lactation, a period of 
high metabolic activity and hence high oxidative stress in dairy cows. 
Cows producing milk with different FPR had similar milk yield, which may indicate that 
cows in producing greater FPR milk may have enhanced body reserve mobilization and 
may have been experiencing some degree of metabolic stress. Among the oxidative 
markers examined in the present study, BAP, SOD and GSH-PX decreased significantly 
according to week of study. Silage is known for its poor content in antioxidants (Ballet 
et al. 2000) and grain based concentrates have been proven to increase the degradation 
of some antioxidants at the ruminal level (Weiss et al. 1995) thereby exposing cows to 
OS. In addition, grain based concentrate supplementation with the diet has been reported 
to reduce pasture intake (Bargo et al. 2002). It can be hypothesized that the observed 
decrease in all the antioxidants measured in this study might have been caused by a shift 
in diet composition or even intake volumes despite targeted consistency of allocation. 
Besides the nutritional factors, ambient temperature may also contribute to changes of 
OS markers across the time of study. However, we did not observe any significant 
association between ambient temperature or temperature humidity index and OS 
markers in the present study. 
The lowest BAP in the HFPR group could be ascribed to the increased OS resulting 
from fat mobilization (Pedernera et al. 2010) while the greater BAP in the LFPR group 
suggests an improved antioxidant availability due to lower metabolic stress levels. 
Bernabucci et al. (2005) observed changes of oxidative status and relationships between 
oxidative and metabolic status and reported that cows in high negative energy balance 
are more sensitive to oxidative stress. 
CONCLUSIONS 
Milk concentration of GSH was lower in ovulated cows compared with that of an-
ovulated cows in the present study which is consistent with our previous findings for 
plasma GSH (Talukder et al. 2014c). This finding is quite important particularly as 
differences in OS between ovulated and an-ovulated cows were observed in absence of 
changes in BW, BCS, milk yield and FPR. The decrease in antioxidant status present 
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during the peri-ovulatoty stage may be an important event preceding the ovulatory 
response. The observed increase in SOD and a decrease in GSH may well be the 
consequence of the ovulation process. The results also showed that the concentration of 
AOPP and LPO increased at prooestrus when the β-carotene level was at minimal level 
suggesting the possible involvement of inflammatory mediators at that phase. 
Veterinarians and research scientists can use different diagnostic measures for 
reproductive status; however, there would be considerable value in the development of a 
cow-side test to allow implementation of adequate interventions aimed at improving on 
farm reproductive management.  
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OVERVIEW OF CHAPTER 7 
In Chapter 3, a cow was diagnosed with cystic ovarian disease after oestrus synchrony. 
In this chapter, the findings are presented as a case report. The ovarian follicle diameter, 
hormonal profiles and oxidative stress biomarkers were tracked throughout the study 
period and are reported here in comparison to the ovulated cows in the same cohort. 
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ABSTRACT 
This study was conducted to examine the oxidative stress biomarkers in a cow 
diagnosed with a follicular cyst in her left ovary. Progesterone (P4) and plasma oxidative 
stress status was measured in 13 Holstein cows after synchronization of oestrus with 
controlled internal drug release (CIDR) and prostaglandinF2α (PGF2α) protocol. The 
presence and size of ovarian structures were monitored by transrectal ultrasound at 4 
hourly intervals. Of the 13 cows, 12 were monitored until ovulation was detected and 
recorded, whereas one cow failed to ovulate and developed a follicular cyst. Oxidative 
stress biomarkers; reactive oxygen metabolites (ROMs), biological antioxidant potential 
(BAP), oxidative stress index (OSI), glutathione (GSH), ceruloplasmin and advanced 
oxidation protein products (AOPP) were measured in the cystic cow and compared to 
those of the 12 ovulated cows and are referred to as higher or lower if they are outside 
the mean ± standard error of mean of those of ovulated cows. The cystic cow had lower 
ROMs and OSI between 36 h and 84 h after PGF2α injection and at 9 h, from 36 h to 60 
h after PGF2α injection respectively. On the other hand, antioxidant (BAP and GSH) was 
higher in the cystic cow compared to her ovulated herd mates. The observed unbalance 
between oxidant and antioxidant might have disrupted the physiological events for 
ovulation to occur leading to cystic ovarian disease. 
Keywords: follicular cyst, dairy cow, oxidative stress, progesterone. 
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INTRODUCTION 
Ovarian follicular cyst is a common reproductive disorder in dairy cattle (Silvia et al. 
2002). The typical incidence for follicular cysts in dairy cows is between 1% and 5% 
(Beam and Butler 1998). It is characterized by a deviation, growth and establishment of 
the dominant follicle, with a failure to ovulate to become a persistent follicular structure 
in the absence of a functional corpus luteum (Peter et al. 2009). The occurrence of 
ovarian follicular cysts has been associated with an extended calving interval (Borsberry 
and Dobson 1989).  
Reactive oxygen species (ROS) and antioxidants remain in balance to maintain the 
cellular homeostasis, but when this balance is altered as a result of antioxidant depletion 
or increase in ROS production, oxidative stress (OS) occurs (Celi 2011b). Oxidative 
stress can affect a variety of physiological functions in the reproductive system; for 
example, follicular fluid environment, folliculogenesis and steroidogenesis and 
generally high levels of ROS can disrupt several reproductive events that may result in 
adverse pregnancy outcomes (Agarwal et al. 2005; Al-Gubory et al. 2010). It is 
plausible that OS plays a crucial role in the cause and progression of a number of 
reproductive events and can influence the reproductive axis at different levels. For 
example, previous studies have shown that OS is associated with embryonic loss (Celi et 
al. 2012; Celi et al. 2011) and that OS has a role in the pathogenesis of follicular cystic 
ovarian disease (Rizzo et al. 2009). Therefore, the objective of this study was to 
examine the plasma concentration of progesterone (P4) and OS biomarkers that were 
measured in a cow diagnosed with an ovarian follicular cyst. 
CASE DESCRIPTION 
A 43-month-old lactating Holstein cow (Identification No. 1285) was diagnosed with a 
follicular cyst in her left ovary by a registered veterinarian using a transrectal ultrasound 
probe (Ibex Pro portable ultrasound, E.I. Medical Imaging, Loveland, CO, USA) by the 
presence of a black fluid filled cavity 30 mm in diameter that persisted throughout the 
monitoring period (70 - 76 days in milk) and failed to ovulate (Figure 1).  
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Figure 1. Ovarian ultrasound images of cow 1258. The cyst was diagnosed as a 
follicular cyst by the presence of a black fluid-filled cavity 30 mm in diameter that 
persisted throughout the monitoring period and failed to ovulate according to the criteria 
detailed by Leslie and Bosu (1983).  
 
The structure was accompanied by the display of anoestrus according to the criteria 
detailed by Leslie and Bosu (1983). Cow 1285 was one of 20 cows enrolled in a study 
that was conducted to evaluate the potential of infrared thermography temperature 
monitoring for oestrus detection and prediction of time of ovulation in dairy cows; for 
more details and findings of the study, the reader is referred to Talukder et al. (2014b) 
for details about the nutritional and reproductive management of the cows. Of the 20 
cows enrolled in this study, 12 ovulated, 7 did not ovulate, and 1 cow developed cystic 
ovarian disease. All experimental procedures were approved by The University of 
Sydney Animal Ethics Committee (N00/9-2012/1/5829).  
Oestrus was synchronized by inserting a controlled internal drug release (CIDR; Eazi-
Breed®, Pfizer Animal Health Limited, West Ryde, NSW, Australia) into the vagina. 
After eight days, CIDR’s were removed and 2 mL (500 µg) of synthetic prostaglandin 
analogue (PGF2α), cloprostenol sodium (Estrumate®, Schering-Plough Animal Health 
Limited, Baulkham Hills, NSW, Australia) were injected intramuscularly to all cows at 
0600 hours. Cows were monitored from 36 hours after PGF2α injection six times daily 
until either ovulation or 128 hours after PGF2α injection for oestrus signs as described in 
Talukder et al. (2014b). 
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Blood sampling was conducted according to the following schedule: twice daily from 24 
hours before and 24 hours after PGF2α injection, six times daily (at 0200, 0600, 1000, 
1400, 1800, and 2200 hours) from 36 hours after PGF2α injection until confirmation of 
ovulation or 128 hours after PGF2α injection. 
Plasma P4 was determined by enzyme-linked immunosorbent assay (ELISA) using 
Progesterone EIA Kit (Cayman Chemical Co., Ann Arbour, MI, USA). The mean intra-
assay and inter-assay coefficients of variation were 3.64% and 4.55%, respectively. The 
detection limit of the assay was 0.01 ng/mL.   
The amount of free oxygen radicals in plasma samples was determined by measuring the 
concentration of reactive oxygen metabolites (d-ROMs Test; Diacron, GR, Italy), while 
the concentration of antioxidants was measured using the biological antioxidant 
potential (BAP) test according to kit instructions (Diacron, GR, Italy); ROMs and BAP 
concentrations were determined in a dedicated spectrophotometer (FREE system, 
Diacron International, GR, Italy). The extent of oxidative stress (OS) was expressed as 
an oxidative stress index (OSI) which was estimated using the ratio of ROMs/BAP × 
100, as the combination of ROMs and BAP results provide a more accurate 
representation of OS status than ROMs and BAP alone (Celi 2011a). Plasma glutathione 
(GSH) concentration was measured by an enzymatic recycling method adapted for 
micro titre plate reader (Baker et al. 1990). All chemicals used for total plasma GSH 
were obtained from Sigma Aldrich (Sigma Aldrich Pty Ltd, Castle Hill, NSW, 
Australia). Advanced oxidation protein products (AOPP) were measured according to 
the methods of Witko-Sarsat et al. (1998). Plasma ceruloplasmin concentrations were 
determined according to the method described earlier (Sunderman and Nomoto 1970) 
with the exception that a 96-well plate was used for spectrophotometer reading and the 
absorbance was read at 510 nm (FLUROstar Optima, BMG Labtech, Mornington, VIC, 
Australia). Ceruloplasmin concentration was calculated as follows: 
Ceruloplasmin (g/L) = 0.752 (AR – AB), where AR is the absorbance of sample R 
(reaction), and AB is the absorbance of sample B (blank). 
All data related to P4 profiles and OS status of cow 1258 were compared to those of the 
12 ovulated cows and are referred to as higher or lower if they are outside the mean ± 
standard error of mean of the ovulated cows.  
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Cow 1258 presented lower plasma concentration of ROMs between 36 and 84 hours 
after PGF2α injection compared to the ovulated cows (Figure 2A). On the other hand, 
plasma concentrations of BAP were greater in cow 1258 between 9 and 60 hours after 
PGF2α injection compared to the ovulated cows (Figure 2B). Consequently, cow 1258 
had lower OSI values at 9, 36, 48, 60 and 128 hours after PGF2α injection compared to 
the ovulated cows (Figure 2C). Plasma concentrations of GSH were higher in cow 1258 
compared to the ovulated cows at -24, 9, from 36 to 60 hours, and from 84 to 120 hours 
after PGF2α injection (Figure 2D). Cow 1258 had greater concentrations of plasma 
ceruloplasmin at 0, 9, 72, 120 and 128 hours but lower concentrations between 24 and 
48 hours after PGF2α injection compared to the ovulated cows (Figure 2E). Greater 
AOPP levels were observed at 0, 9, 72, 108 and 128 hours in cow 1258 while AOPP 
values were lower at 48 and 60 hours after PGF2α injection compared to her ovulating 
herd mates at those sampling sessions, respectively (Figure 2F).  
Cow 1258 did not display any behavioural signs of oestrus during the study period and 
presented lower P4 concentrations 9, 24, 36, 84, 96, 120 and 128 hours after PGF2α 
injection compared to those of ovulated cows (Figure 3A). The diameters of the largest 
ovarian follicular structure were greater in cow 1258 from 24 hours after PGF2α 
injection to 128 hours after PGF2α injection compared to her ovulated herd mates are 
presented in Figure 3B. 
Overall, the results gathered in this study suggest that antioxidant/oxidant balance was 
likely to be disrupted in cow 1258 compared to her ovulated herd mates. 
Cow 1258 had relatively lower plasma ROMs concentration after PGF2α injection 
compared to the ovulated cows which is consistent with the findings of Rizzo et al. 
(2009) where a lower concentration of ROMs has been reported in the follicular fluid of 
cystic cows. Reactive oxygen species and their metabolites play important roles in the 
regulation of ovarian metabolism, leading to breakdown of follicular walls, a 
prerequisite step to ovulation (Celi 2011a; Rizzo et al. 2012). It could be argued that the 
PGF2α treatment was unable to generate adequate amounts of free radicals in cow 1258 
and  that the lower plasma ROMs concentrations might have been too low to induce the 
breakdown of the follicular wall, leading to the transformation of the preovulatory 
follicle into a follicular cyst.  
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Figure 2. Plasma concentrations of A) reactive oxygen metabolites (ROMs), B) 
biological antioxidant potential (BAP), C) oxidative stress index (ROMs/BAP), D) 
glutathione (GSH), E) ceruloplasmin and F) advanced oxidation protein products 
(AOPP) in cow 1258 (●) that was diagnosed with a follicular cyst and the mean (± 
SEM) of 12 ovulated cows (○).  
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Figure 3. Plasma progesterone concentration A) and follicle diameter B) (means ± 
SEM) of cow 1258 (●) that was diagnosed with a follicular cyst and the mean (± SEM) 
of 12 ovulated cows (○).  
 
Cow 1258 had higher concentration of BAP between 9 hours to 60 hours after PGF2α 
injection compared to the ovulated cows. The BAP test provides a measurement of 
many antioxidants, including uric acid, ascorbic acid, proteins, α-tocopherol and 
bilirubin, all of which are indicative of short-term changes of the antioxidant system. 
The observed higher BAP concentration might be attributed to the concomitant lower 
concentration of ROMs. In our previous study (Talukder et al. 2014a), it was reported 
that ovulated cows had significantly lower plasma antioxidant and higher OSI compared 
to that of an-ovulated cows which might be ascribed to an increase in antioxidant 
consumption for the ovulation event. Therefore, it can be hypothesized that the observed 
higher concentration of BAP may have interfered with the physiological role of ROMs 
on ovulation (Riley and Behrman 1991).  
 Glutathione is the major non-protein sulphydryl compound in mammalian cells and is 
considered as a good indicator of the free radical scavenging capacity of blood (Gabai et 
al. 2004). In the present study, the lower ROMs concentration after PGF2α injection 
might have contributed to the observed plasma GSH pattern. The higher GSH and BAP 
levels may have contributed to the observed decreased OSI in the cystic cow. Increased 
protection of GSH against free radicals and other oxidants might be speculated to be 
associated with decreased OS resulting in the development of an ovarian cyst in cow 
1258. 
In the present study, cow 1258 had lower ROMs and OSI after PGF2α injection 
suggesting that the antioxidant/oxidant balance may have been disrupted. It is possible 
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that the disruption between oxidant and antioxidant balance prevented the necessary 
physiological responses involved in inflammatory reactions which trigger the follicle 
rupture and hence ovulation. The lower OS reported here may either hinder the 
ovulation event or alter the steroidogenesis of the dominant follicle resulting in the 
development of ovarian cyst in cow 1258 (Rizzo et al. 2009). 
Plasma ceruloplasmin concentrations observed in this case study were within the range 
reported in heifers (Golder et al. 2014). Ceruloplasmin is a serum ferroxidase that 
contains greater than 95% of the copper found in plasma (Hussein et al. 2012) and is 
involved in cellular pro-oxidant and antioxidant processes (Ehrenwald and Fox 1996).  
Advanced oxidation protein products (AOPP) are the markers of protein oxidation 
generated by the reaction between plasma proteins and myeloperoxidase-derived 
chlorinated oxidants produced by activated neutrophils (Witko-Sarsat et al. 1998). In 
humans, AOPP increase has been associated with several immuno-inflammatory 
markers and they have been proposed as an exquisite marker of OS correlating with 
monocyte activation (Witko-Sarsat et al. 1998). The prolonged half-life of AOPP allows 
an indirect reflection of the intensity of the OS (Santulli et al. 2013) and has been 
reported to be elevated in dairy cows with embryonic mortality (Celi et al. 2011). The 
AOPP level was elevated at 9 hours and this may have been associated with the 
development of the cyst in cow 1258; however, this cannot be concluded definitively 
from the results of this study.     
The clinical signs of anoestrus and the presence of an enlarged persistent follicular 
structure in cow 1258 were consistent with the diagnosis of a follicular cyst (Mwaanga 
and Janowski 2000). Low P4 concentration (<1 ng/ml) in plasma has been also reported 
as one of the characteristics of follicular cysts (Mwaanga and Janowski 2000). The low 
P4 concentration may be the direct result of an absence of any luteal tissue being present 
in the ovaries of cows with cystic ovarian disease. 
The data of this study suggest that inadequate ROMs concentration may be unable to 
induce ovulation in cow 1258. Insufficient concentrations of ROMs might have resulted 
in the observed higher levels of BAP and GSH that may have inhibited the oxidative 
reactions involved in the breakdown of the follicular wall and the resultant 
transformation of the preovulatory follicle into a follicular cyst. Further studies 
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investigating the oxidant and antioxidant status in ovarian fluids and utero-ovarian 
circulation of preovulatory follicles compared to the fluid from cystic follicles would be 
required to allow a full understanding of the role of OS biomarkers in the development 
of an ovarian follicular cyst. The findings presented in this manuscript provide sufficient 
justification to warrant targeted research into the true value that the oxidative status of 
individual animals might provide as an indicator of cystic ovaries or any other 
reproductive conditions. 
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OVERVIEW OF CHAPTER 8 
During the investigation reported in Chapter 5, a cow was diagnosed with left displaced 
abomasum. Her activity, rumination patterns and milk yields were compared to cows in 
the same cohort and are compiled and presented here as a case study. 
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ABSTRACT 
A cow (body weight 600 kg; age 3 years; 76 days in milk) was identified by 
herdspersons due to decreased milk yield and inappetence and drafted for veterinarian 
examination. The veterinary practitioner diagnosed her for left displaced abomasums 
(LDA). Neck collars (SCR HR LD) were fitted 7 days before the start of the study that 
continuously monitored the individual cow activity level (AL) and rumination level 
(RL) for 2-hour time blocks. A decrease in RL and AL was observed as early as 6 days 
and 3 days, respectively before the LDA clinical diagnosis followed by a rapid increase 
in RL and AL during the postoperative period. The LDA cow also displayed decreased 
milk yield for the 5 days before the day of clinical diagnosis which remained lowered 
after treatment. Changes in rumination along with changes in activity and milk yield 
may enable the early prediction of a LDA, which may result in improvements in animal 
well-being and recovery speed.   
Keywords: left displaced abomasums, rumination, activity, milk yield, dairy cow. 
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INTRODUCTION 
Left displaced abomasum (LDA) is an important metabolic disease in dairy cattle, with 
diagnosis based on signs such as anorexia, decreased milk production and clinical 
examination by simultaneous auscultation and percussion (van Winden et al. 2003). One 
possible method to identify potential health problems in dairy cows before they show 
clinical signs is to use an automated system that records the activity profiles of an 
individual cow (Edwards and Toze 2004). Dramatic changes in rumination patterns can 
be attributed to sudden changes in intake and ill health (Bar and Solomon 2010), so a 
decrease in daily rumination along with a decrease in daily activity may provide an early 
warning to detect LDA in dairy cows. Here we report changes in the levels of 
rumination, activity and milk yield associated with an LDA before clinical diagnosis and 
after surgical correction. 
CASE DESCRIPTION 
Thirty Holstein cows were enrolled in a field study for evaluating the potential of SCR 
heat and rumination long distance (HR LD) tags (SCR Engineers Ltd., Netanya, Israel) 
for oestrus detection. All experimental procedures were approved by the University of 
Sydney Animal Ethics Committee. All cows had access to pasture as well as 
concentrates and maize silage. The SCR HR LD tags continuously monitored individual 
cow activity level (AL) and rumination level (RL) for 2 hour time blocks (Bar and 
Solomon 2010). Using a mathematical algorithm, a weighted activity and rumination 
index was calculated that expressed the momentary deviation of activity and rumination, 
respectively, from the average activity and rumination in the same period during the 
previous 7 days (Kamphuis et al. 2012). Daily milk production was also recorded for 
each animal.  
One 3 year old cow (cow 1471), that was 76 days in milk, was identified by 
herdspersons due to decreased milk yield and inappetence, and drafted for veterinary 
examination. The veterinary practitioner diagnosed a left displaced abomasum (LDA) 
based on auscultation of tympanic, resonant, high-toned ping between approximately the 
ninth and thirteenth ribs. Surgical correction by right flank omentopexy was carried out 
on the same day (Day 0). Data were collated of 24-hour average weighted AL, RL, and 
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milk yield during the period 10 days either side of Day 0. All data were compared to 
those of the 29 healthy cows. 
During the entire period, milk yield was lower in cow 1471 than in healthy cows, with a 
marked reduction from Day −6 to −5 that continued until Day 1 (Figure 1). On Days −9 
and −7, RL was higher, and from Day −6 to 0, was lower compared to healthy cows. 
Subsequently, an increase in RL was observed that was similar to that observed for 
healthy cows (Figure 2). Activity level was lower in cow 1471 from Days −3 to Day 0 
compared to that of the healthy cows. The day after the LDA was surgically corrected 
activity level for Cow 1471 resumed to similar levels of the healthy cows (Figure 3).  
 
 
Figure 1. Average daily milk yield of healthy cows (●) and LDA cow (○). The day 
relative to treatment in X-axis relates to the relative day of diagnosis and surgical 
correction of the LDA (cow 1471). The dashed lines indicate the 95% confidence 
interval (CI) limits and the vertical dotted line (at Day 0) indicates the day of clinical 
diagnosis of the LDA for cow 1471. Milk yields are referred to as higher or lower if they 
are outside the CI of healthy cows. 
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Figure 2. Average rumination level of healthy cows (●) and LDA cow (○). The day 
relative to treatment in X-axis relates to the relative day of diagnosis and surgical 
correction of the LDA (cow 1471). The dashed lines indicate the 95% confidence 
interval (CI) limits and the vertical dotted line (at Day 0) indicates the day of clinical 
diagnosis of the LDA for cow 1471. The levels are referred to as higher or lower if they 
are outside the CI of healthy cows. 
 
 
Figure 3. Average activity level of healthy cows (●) and LDA cow (○). The day relative 
to treatment in X-axis relates to the relative day of diagnosis and surgical correction of 
the LDA (cow 1471). The dashed lines indicate the 95% confidence interval (CI) limits 
and the vertical dotted line (at Day 0) indicates the day of clinical diagnosis of the LDA 
for cow 1471. The levels are referred to as higher or lower if they are outside the CI of 
healthy cows. 
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Based on the changes in RL profiles and milk yield, it may be possible to detect LDA at 
least 5 days earlier than the actual date of the clinical diagnosis. The decreased 
rumination observed in Cow 1471 was likely due to abomasal enlargement and reduced 
rumen fill, and the decreased activity may have been attributed to a loss of appetite and 
reduced grazing time, restricted movement, discomfort and spending more time lying 
down (Schultz 1988; Edwards and Toze 2004). This was associated with decreasing 
milk yield from Day −5 to 1. The AL and RL in Cow 1471 returned to similar levels of 
the healthy cows after treatment; however, milk yield was lower during the entire period 
after treatment, which agrees with the findings of Edwards and Toze (2004). One 
possible reason for this is that the most common treatment method for LDA is surgery 
and surgery itself has been shown to have long term negative effects on milk production 
(Edwards and Toze 2004).  
A decline in activity for cows clinically diagnosed with ketosis and digestive disorders 8 
days earlier than clinical diagnoses of those disorders has also been reported (Edwards 
and Toze 2004). However, rumination changes across the different metabolic conditions 
were not evaluated in that study. Further studies would be required to understand the 
specific pattern of activity and rumination in relation to different types of metabolic 
conditions. The early postpartum period is considered to be the major risk period for 
developing LDA (van Winden et al. 2003), however, in the present study, Cow 1471 
was diagnosed as having an LDA on Day 76 of lactation, which may render her case 
less representative of the typical LDA population.  
The development of detection models/algorithms based on both rumination level and 
activity level might provide a real-time indication of the health status of cows, providing 
cattle veterinarians and herdspersons with an accurate early diagnosis that may result in 
improvements in animal well-being and speed of recovery. Considering the increase in 
herd size and production per cow, the use of automated technology and sensors is 
becoming more prevalent in livestock farming (Maltz 2010). Further studies regarding 
the sensitivity and specificity of this technology for early prediction of LDA and other 
digestive disorders during the transition period are warranted. 
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GENERAL DISCUSSION 
One of the objectives of this research was to evaluate the reproductive performance of 
dairy cows in automatic milking systems (AMS) and to identify the possible factors 
associated with reproduction. This was achieved by conducting a retrospective cohort 
study (Chapter 2). The initial extensive literature review (Chapter 1) indicated that in 
intensive housing systems, a number of studies have been conducted to evaluate 
reproductive performance in AMS. Whilst some of these had relatively short data 
collection periods and others reported on a very limited number of parameters to 
quantify reproductive performance, there was no strong or consistent indications that the 
incorporation of AMS in an indoor system impacted negatively (or positively) on 
reproductive performance. Those that did show an impact on reproduction were not able 
to conclusively show that the cause could be attributed to changes in ovulation detection 
or fertility per se due to the confounding effect of milking frequency and milk 
production. Regardless, there is no literature reporting on the impact of pasture-based 
AMS on reproductive performance. The review of literature (Chapter 1) identified 
several factors associated with poor reproduction in dairy cows, which indicates the 
value of planning prospective studies and reproductive interventions to increase the 
reproductive performance in the Australian dairy industry. 
Even though numerous factors are known to impact on reproductive performance, 
detection of ovulation is frequently reported as one the most limiting factors to achieve 
high in-calf rates and short intervals between calving and conception. In pasture-based 
dairying systems, the process of herding cows for set milking sessions creates an 
opportunity for personnel to detect oestrus expression in dairy cows. The incorporation 
of AMS into the pasture-based farming system impacts on these opportunities as the 
farming operation is reliant on voluntary cow traffic with very few cows (only those that 
are overdue for milking) being herded/encouraged to the milk harvesting facility. In 
Chapter 2, it was observed that at the reported production levels and milking frequencies 
for the AMS research herd, milk yield and milking frequency during 100 days in milk 
had no effect on reproductive measures. However, the probability of first oestrus being 
recorded by 49 days in milk and conception by 100 days in milk tended to be higher for 
cows milked at least 2.3 times/day, on average, compared with cows milked <1.5 
times/day. Only 1% of cows averaged three or more milkings per day during the first 
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100 days in milk (Chapter 2). It may be possible that these cows moved around the 
system voluntarily more frequently and may have gained access to more fresh 
allocations of feed, thereby reducing the duration of early-lactation, negative energy 
balance. It is also possible that cows with higher milking frequencies were inadvertently 
observed by farm staff more frequently, which could have increased the chance of an 
oestrus event being detected. Conversely, it was possible that lower milking frequency 
cows (in early lactation) were suffering a subclinical (or clinical) disease, which reduced 
their willingness to move around the farm system thereby resulting in reduced intakes, 
milking frequency and milk production.    
With AMS, the practice and routines to detect ovulation must be modified to ensure that 
cows are detected, drafted, and inseminated in a timely manner to ensure that 
reproductive performance of the herd is not negatively impacted. Some brands of AMS 
incorporate ovulation detection aids including activity meters, rumination monitoring 
devices, and inline milk progesterone monitoring. However, not all aids are available 
with any one chosen brand or the farmer may chose not to incorporate these into the 
farming system due to perceived value/reliability or cost. In addition some may not be 
available to some markets e.g. the inline milk progesterone monitoring (Herd Navigator) 
is not currently available to Australian farmers. 
An advantage of most AMS is that in many ways cows are managed as individuals 
rather than as a herd. This aspect of AMS lends itself to automation of many 
management practices since cows’ traffic around the farm and through the dairy as 
individuals or small groups. The use of infrared thermography (IRT) as an ovulation 
detection aid is one such technology that might suit automation and incorporation into 
an AMS facility since cows are generally directed into and out of the milk harvesting 
facility in single file through automatic drafting gates. If data capture with IRT requires 
the cows to be held in one location for more than a few moments it might be better 
suited to the actual milking event. Even in this case, the number of IRT devices would 
be limited to the number of milking stations which might be considerably less than the 
number of bails in a conventional milking parlour. Field studies were conducted to 
evaluate the potential of IRT for predicting the time of ovulation in synchronized 
(Chapter 3) and 21-day natural cycles (Chapter 5) under pasture-based grazing 
conditions. Of the alert thresholds and algorithms evaluated in Chapter 3, the 1.0 
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standard deviation threshold of adjustment 2 resulted in the greatest sensitivity (Se); 
however, the specificity (Sp) and positive predictive values (PPV) were lower than 
desirable. 
The sharp increase in muzzle and vulval IRT temperature 48 h to 24 h before ovulation 
observed in Chapter 3 was deemed likely to coincide with the timing of oestrus. 
However, it has frequently been assumed that under pasture-based system the influence 
of ambient temperature variation on cow body temperature may obscure the 
physiological changes in skin temperature during the oestrus cycle.  
In Chapter 3, cows oestrus cycles were synchronized and IRT data capture was 
conducted at four hour intervals while in Chapter 5 IRT was performed twice daily in 
unsynchronized cows. Whilst it is possible that the synchrony of the oestrus cycle might 
have impacted on the ovulation detection accuracy achieved in chapter 3, performing 
IRT twice in a day in the investigation reported in Chapter 5 may have resulted in 
ovulation cases going undetected. The number of false negatives can potentially be 
reduced if IRT could be performed continuously rather than twice in a day although 
such a practice would have limited application potential (particularly in pasture based 
dairy systems). Whilst there is not reported literature regarding the ideal frequency of 
data capture for IRT or even if continuous data capture is necessary – it is challenging to 
imagine the application feasibility of a higher data capture frequency which will impact 
on the value of further evaluations. 
Accelerometers are another technology that deserve investigation regarding their value 
and in accuracy as ovulation detection aids in pasture-based AMS. Whilst some work 
has been reported with the use of accelerometers in indoor AMS facilities, the results 
cannot be extrapolated with confidence to grazing based farms. This is primarily 
because the level of variability in activity and grazing behaviour is likely to be 
considerably higher in pastured cows than it might be in indoor facilities. This factor 
alone may impact significantly on the value and accuracy of such technology in pasture-
based AMS farms particularly since AMS cows traffic around the farming system 
voluntarily and can have considerably high levels of variation in trafficking frequency 
both within cows and between cows in the same herd. As observed in Chapter 5, when 
the SCR tags activity threshold was set < 20, it yielded the highest detection 
performance (80.0% Se, 94.3% Sp and 66.7% PPV). When the SCR tags’ activity 
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threshold was increased to 50, it resulted in the greatest Se but poorest Sp. Visual 
detection of mounting indicators resulted in higher Sp and PPV but lower Se than those 
measured by SCR HR LD tags. For automated detection systems to be of practical use in 
pasture based herds, they should perform at least at the level achieved by the average 
farmer using manual detection methods (Kamphuis et al. 2012). Considering that when 
using visual observation aided by tail paint it is possible to achieve a performance level 
of 80% Se with 80% PPV, these values should could be considered as the minimum 
performance targets for automated oestrus detection systems (Xu et al. 1997; Verkerk et 
al. 2001; McGowan Je 2007; Kamphuis et al. 2012). The SCR HR LD tags used in 
Chapter 5 were able to achieve 75% Se when used as an independent system. This 
performance level may be of benefit to dairy herds with lower level of manual detection 
(<80%) and larger herds relying more on inexperienced staff and handling a higher 
number of cows per person (Newman 2011; Kamphuis et al. 2012).  
Besides using SCR HR LD tags for automatic ovulation detection, the development of 
detection models/algorithms based on both rumination level and activity level might 
provide a real-time indication of the health status of cows, providing cattle veterinarians 
and herdspersons with an accurate early diagnosis, which may result in improvements in 
animal well-being and speed of recovery. The rumination and activity level recorded by 
SCR HR LD tags was able to make an early prediction of left displaced abomasum in a 
cow (Chapter 8). A decrease in rumination level and activity level was observed as early 
as 5 days and 3 days, respectively before its clinical diagnosis followed by a rapid 
increase in rumination level and activity level during the postoperative period. The 
occurrence of metabolic and infectious diseases may decrease the productive and 
reproductive performance in dairy cow and therefore establishment of methods to 
monitor health and reproductive status simultaneously might be beneficial to maintain 
the farm profitability.   
Ovulation, one of the most important physiological events in female reproduction has 
been compared to inflammation (Espey 1980). The mechanism of inflammation is 
associated with an increase of blood circulation resulting to an increase of temperature 
in the respective inflamed tissue. In Chapters 3 and 5 IRT has been used to evaluate its 
potential in monitoring the increase in skin temperature and hence detecting the 
ovulation event in dairy cows. The inflammatory process is often associated with 
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oxidative stress which has been reported to be involved in follicle rupture and ovulation 
as mentioned in the review (Chapter 1). Assessing the biomarkers of oxidative stress in 
biological samples (plasma and milk) can be a novel approach for the prediction of 
ovulation in dairy cows. These hypotheses were tested in Chapters 4 and 6. Lower 
plasma biological antioxidant potential (BAP) and glutathione (GSH) levels were 
observed in ovulated cows compared to those of an-ovulated cows (Chapter 4). Milk 
superoxide dismutase level was higher in ovulated cows while glutathione peroxidase 
and GSH concentrations were lower in ovulated cows compared to those in an-ovulated 
cows (Chapter 6). These findings supported that the decrease in antioxidant status 
during the peri-ovulatoty stage may be an essential event preceding the ovulatory 
response and further studies might lead to cow side tests to monitor ovulation.  
Plasma concentration of oxidative stress biomarkers were measured in a cow diagnosed 
with an ovarian follicular cyst (Chapter 7) and were compared to those of the 12 
ovulated cows reported in Chapter 3. The cystic cow had lower reactive oxygen 
metabolites (ROMs) and oxidative stress index (OSI) but higher antioxidant levels (BAP 
and GSH) compared to her ovulated herd mates. These findings suggested that 
insufficient concentrations of ROMs might have resulted in the observed higher levels 
of BAP and GSH that may have inhibited the oxidative reactions involved in the 
breakdown of the follicular wall and the resultant transformation of the preovulatory 
follicle into a follicular cyst. Further research needs to be conducted to assess whether or 
not the milk OS biomarkers reflect similar changes to those observed with plasma OS 
biomarker monitoring. If so, measuring the milk OS biomarkers in dairy species may 
enable the automation of monitoring concentrations (of biomarkers) allowing the 
identification of reproductive disorders prior to clinical manifestation.  
Unfortunately, there are no specific reference values for free radicals and antioxidants 
status in dairy cows. Moreover, using different types of assay kits for measuring 
oxidative stress biomarkers may influence the values reported in the literature. There 
would be considerable value in the development of the specific referral ranges and cow-
side test to allow implementation of adequate interventions aimed at improving on farm 
reproductive management.  
As a result of technical progress in real-time livestock/cow monitoring systems, 
automatic oestrus detection systems have become a practical reality (Nebel 2014). An 
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added advantage is that it is becoming apparent that the data generated by some of these 
systems can also be used to generate real-time alerts regarding other physiological and 
health conditions. Such additional values enhance the value proposition of these 
technologies and also allow for improved productivity through the early detection (and 
intervention) of some health conditions and improved animal wellbeing through the 
improved timing of treatment and potentially improved cure-rates and reduced 
production losses.  
In this thesis, multidisciplinary approaches (technologies and biomarkers of oxidative 
stress) were employed as indicators of imminent ovulation in dairy cows. Accelerometer 
data proved to be a more accurate indicator of ovulation than IRT. Ovulated cows 
presented higher oxidative stress index and lower antioxidant status compared to those 
in an-ovulated cows whilst changes in oxidative stress biomarkers were observed in 
cystic cows compared to those of ovulated cows. These findings may provide a 
foundation for future development of an in-line automated biosensor suitable to identify 
the reproductive events in dairy species. 
CONCLUSIONS 
The first aim of this research thesis was to examine the risk factors associated with 
reproductive performance in pasture-based AMS. Although the likelihood of first 
oestrus being detected decreased steadily in relation to year of AMS commissioning, the 
general lack of reported long-term reproductive performance data in AMS makes it 
challenging to ascertain the true cause/effect relationship in this findings. Certainly, 
without the inclusion of data from additional AMS farms, we cannot conclude that AMS 
directly (or even indirectly) caused the trend. 
The second aim was to evaluate technologies (IRT and accelerometer) for ovulation 
detection in dairy cows and to assess whether these technologies can replace current 
methods (visual detection and Estrotect) in pasture-based farming systems. Performing 
IRT at 4-hour intervals may have an acceptable level of oestrus detection accuracy; 
however, it is challenging to imagine a feasible and practical application on farm. 
Accelerometer technology provided a good indication of when ovulation is likely to 
occur. Although the Sp estimated in this study were deemed acceptable, the Se and PPV 
using different thresholds were considerably lower than the desirable 100% detection 
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rate. Prospective studies regarding the pattern and the cause of false negatives may help 
to identify the possible ways to improve the sensitivity of the system-generated activity 
alerts. 
The third aim was to examine the changes of milk and plasma OS biomarkers between 
ovulatory and an-ovulatory oestrus cycles in dairy cows. The observed decrease in 
antioxidants (BAP and GSH) in ovulated cows suggested that the antioxidant status 
present during the peri-ovulatoty stage may be an essential event preceding the 
ovulatory response. It would be worthwhile to conduct further studies comparing the 
oxidant and antioxidant status in ovarian fluids and utero-ovarian circulation to allow a 
full understanding of the physiological role of OS biomarkers on the ovulatory process.  
The findings contained within this thesis will provide valuable information for 
veterinarians and farmers who are interested in technologies and biosensors for 
reproductive management in pasture-based system however, it is accepted that at least 
some of the technologies are still a way off adoption for on-farm application. In 
addition, the findings will provide a foundation for research scientists in the field of 
oxidative stress regarding the possible involvement of oxidants and antioxidants in 
reproductive events in dairy cows; however, further research is required to justify the 
development of cow-side tests that would allow implementation of adequate 
interventions aimed at improving on farm reproductive management. 
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